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Abstract

Monkeys can detect electrical stimulation delivered to striate cortex (area V1). We examined
whether such stimulation is layer dependent. While remaining fixated on a spot of light, a rhesus
monkey was required to detect a 100 ms train of electrical stimulation delivered to a site within
area V1. A monkey signaled the delivery of stimulation by depressing a lever after which he was
rewarded with a drop of apple juice. Control trials were interleaved during which time no
stimulation was delivered and the monkey was rewarded for not depressing the lever. Biphasic
pulses were delivered at 200 Hz and the current was typically at or less than 30 pA using 0.2 ms
cathode-first biphasic pulses. For some experiments, the pulse duration was varied from 0.05 to
0.7 ms and anode-first pulses were used. The current threshold for detecting cathode-first pulses
50% of the time was the lowest (< 10 pA) when stimulation was delivered to the deepest layers of
V1 (between 1.0 and 2.5 mm below the cortical surface). Also the shortest chronaxies (< 0.2 ms)
and the shortest latencies (< 200 ms) for detecting the stimulation were observed at these depths.
Finally, anode-first pulses were most effective at evoking a detection response in superficial V1
and cathode-first pulses were most effective at evoking a detection response in deep V1 (> 1.75
mm below the cortical surface). Accordingly, the deepest layers of V1 are the most sensitive for
the induction of a detection response to electrical stimulation in monkeys.
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Introduction

In the early to middle part of the last century, investigators established that animals could
detect electrical currents delivered anywhere in the brain (Loucks, 1935-36; Konorski &
Lubinska, 1939; Doty & Rutledge, 1959; Rutledge & Doty, 1962; Neilson et al., 1962; Doty,
1965, 1969; Nielson & Davis, 1966; Miller & Glickstein, 1967). To get an animal to respond
to electrical stimulation, a reward or an absence of punishment had to follow a motor
response (e.g. to release a lever) that was paired with the stimulation (e.g. Doty, 1965). More
recently, such detection paradigms have been used to study how the brain mediates
somatosensation, audition, and vision (Bartlett and Doty, 1980; Bartlett et al., 2005; DeYoe
et al., 2005; Otto et al., 2005; Leal-Campanario et al., 2006; Butovas & Schwarz, 2007;
Murphey & Maunsell, 2007).
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The striate cortex (or area V1) in primates is the first station of the retino-geniculo-striate
pathway that receives an integrated visual signal from the two eyes before relaying the
signal to higher cortical areas (Hubel & Wiesel, 1977). V1 contains the highest density of
neurons in neocortex (Rockel et al., 1980; O’Kusky & Colonnier, 1982) and has by far the
highest number of neurons devoted to representing the visual field of any area along the
retino-geniculo-striate pathway (Winters et al., 1969; Barlow, 1981; Perry & Cowey, 1985;
Schein, 1988; Felleman & Van Essen, 1991). This ensures that visual stimuli can be decoded
at resolutions of a fraction of a minute of visual angle (Levi et al., 1985).

Electrical stimulation of V1 in humans has been shown to produce a punctate visual percept
called a phosphene (Brindley & Lewin, 1968; Dobelle & Mladejovsky, 1974; Schmidt et al.,
1996). These results have lead to the notion that microstimulation of V1 in behaving
monkeys could serve as a model for the implantation of a functional cortical visual
prosthesis for blind patients (Troyk et al., 2003; Bartlett et al., 2005; Bradley et al., 2005; De
Yoe et al., 2005; Tehovnik et al., 2005). In this paper, we investigate the excitability of the
directly stimulated neuronal elements within the various layers of V1 that mediate the
detection of electrical currents delivered to V1 of monkeys. For all experiments, we used a
100 ms train of either cathode-first (cathodal) or anode-first (anodal) pulses with a biphasic
configuration. Four measures were studied across cortical depth: (1) current threshold, (2)
response latency, (3) chronaxie, and (4) anode-cathode ratio. The last two measures require
some introduction.

A chronaxie is an estimate of the time constant of a directly stimulated neuronal element
(Ranck, 1975). It is a measure of neuronal excitability whereby axons have shorter
chronaxies than cell bodies [axons: 0.03 to 7 ms; cell bodies: 7 to 31 ms (Ranck, 1975;
Nowak & Bullier, 1998)], and large, myelinated axons have shorter chronaxies than small,
non-myelinated axons [large: 0.03 to 0.7 ms; small: > 1.0 ms; (Ranck, 1975; Li & Bak,
1976; West & Wolstencroft, 1983)]. Chronaxies have been determined for individual
neurons, as well as for neural elements that mediate neurotransmitter release, self-
stimulation, saccadic eye movements, phosphene induction, and fMRI-signal generation
(Brindley & Lewin, 1968; Dobelle & Mladejovsky, 1974; Matthews, 1977; Rushton &
Brindley, 1978; Tehovnik & Lee, 1993; Tehovnik & Sommer, 1997; Farber et al., 1997;
Tolias et al., 2005).

An anode-cathode ratio compares the response threshold of anodal pulses over cathodal
pulses. A ratio of less than one indicates that anodal pulses are more effective at activating a
neuronal element than are cathodal pulses; a ratio of greater then one indicates that cathodal
pulses are more effective. Anodal pulses tend to activate cell bodies and terminals more
effectively, whereas cathodal pulses activate axons more readily (Fritsch & Hitzig, 1879;
Porter, 1963; Stoney et al., 1968; Clendenin et al., 1974; Ranck, 1975). Even though
electrical stimulation is presumed to preferentially activate axons over cell bodies (Porter,
1963; Landau et al., 1965; Stoney et al., 1968; Gustaffson and Jankowska, 1976; Nowak &
Bullier, 1998; Swadlow, 1992; Rattay, 1999; Mcintyre & Grill, 2002), the mode of
activation using cathodal and anodal pulses differs. It is the outward current at the initial
segment or a node of Ranvier of an axon that triggers an action potential (Ranck 1975). An
anodal pulse generates such a current at the initial segment or node of Ranvier if the
electrode is positioned at the cell body, and a cathodal pulse generates such a current if the
electrode is positioned at the axon.

We found that elements within the deepest layers of V1 were the most excitable for the
elicitation of a detection response from monkeys. The excitability properties of elements
subserving detection are compared to those of elements mediating the generation of saccadic
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eye movements in macaque V1 and to those of elements mediating the evocation of
phosphenes in human V1.

Materials and methods

Subjects

Surgery

Two adult rhesus monkeys (Macaca mulatta) C and H were used. Throughout this study
food was freely available. A monkey’s access to water was restricted before each day of
experimental testing. After testing, monkeys were allowed to drink until sated before being
returned to the vivarium. The monkeys were provided for in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and the Guidelines of
the Massachusetts Institute of Technology Committee on Animal Care.

Monkeys were anesthetized with pentobarbital intravenously (20 mg/kg) and prepared for
aseptic surgery. A scleral search coil was implanted (Judge et al., 1980) and a stainless-steel
post, to restrain the head, was secured to the skull with titanium head screws and acrylic
cement. Subsequently, a recording chamber was implanted over the right V1.

Behavioural tasks

A monkey, with head fixed, faced a computer monitor (Sony Multiscan E210) positioned 57
cm away. All tasks started with an animal being required to fixate a central spot (0.1 degrees
in diameter, 153 cd/m2) on a monitor screen with background luminance that could range
from 7.7 to 76.7 cd/m?2). During fixation, the animal had to keep his eyes within a 0.5 degree
by 0.5 degree window; otherwise the trial was aborted. Each animal was trained to perform
two tasks: one to map the visual receptive field of V1 cells (Fig. 1A, right) and a second to
detect either a visual target (Fig. 1B) or electrical stimulation delivered to V1 (Fig. 1C). To
map the visual receptive field, a monkey was required to remain fixated on the central spot
for 2 to 4 seconds after which time he was rewarded (with a drop of apple juice) for
generating a saccadic eye movement to a visual target positioned in one of four quadrants of
the visual field away from the fixation spot. While the animal maintained fixation, a bar of
light (153 cd/m?2) was swept across a restricted region of the monitor screen. The orientation
and size of the bar, as well as its direction of motion, were varied systematically until the
location of the receptive field was determined (Fig. 1A, right).

The second task required a monkey to remain on the fixation spot for 600 ms (Fig. 1B,C).
This task had two forms. In the first form, a monkey had to detect a visual target presented
in the receptive-field location of the cells under study. A visual target (0.25 degrees in
diameter, 153 cd/m?) was presented for 200 ms at the end of the fixation period (Fig. 1B,
visual trials). The background luminance of the monitor was set at 76.7 cd/m? so that the
contrast of the target was 33% (Michaelson). After extinction of the target and fixation spot,
the monkey was required to depress a lever with its left hand in order to obtain a juice
reward. The monkey was given 800 ms to initiate a response. On 50% of trials, no visual
target was presented and the monkey had to refrain from depressing the lever in order to get
a juice reward. After termination of the fixation spot the monkey was free to generate a
saccade away from the fixation spot.

In the second form of the task, a monkey had to detect a 100 ms train of electrical
stimulation delivered to the V1 site under study. The electrical stimulation commenced at
200 ms before the end of the fixation period (Fig. 1C, stimulation trials). After the extinction
of the fixation spot, the monkey was required to depress a lever with its left hand in order to
obtain a juice reward. The monkey was given 800 ms to initiate a response. A response
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indicated that the monkey had detected the electrical stimulation. On 50% of trials, no
electrical stimulation was presented and the monkey had to refrain from depressing the lever
in order to get a juice reward (Fig. 1C, control trials). After termination of the fixation spot
the monkey was free to generate a saccade away from the fixation spot.

Within a block of trials, the visual or stimulation trials were interleaved randomly with
control trials so that the monkey could not predict the sequence of trials (Fig. 1B,C).
Monkeys performed all tasks in a dimly lit room.

Measuring the detection response using a lever

A monkey signaled the occurrence of a visual target or a train of electrical stimulation by
pulling a small upright (1 cm wide by 3 cm tall) lever with its left hand. The hand of the
monkey was positioned comfortably near the lever so that the amount of forelimb movement
required to initiate a response was minimized. A circuit was broken by a slight pull of the
lever; therefore, minimal force on the lever registered a response. A monkey could easily
perform between 1000 and 2000 trials per day using this device.

Estimating electrode depth

For all electrode penetrations made into V1 (Fig. 1A, left), a standard method was used to
deduce the electrode depth with respect to the top of V1 (Tehovnik et al., 2002,2003ab).
Once single units were encountered, their visual receptive fields were mapped and the
electrode was adjusted in depth until the unit activity was just detectable at the top of cortex.
This point marked the initial depth at the top of V1. At the end of a test session the depth at
the top of V1 was re-measured by noting the point at which the unit activity in response to
visual stimuli became barely detectable as the electrode was slowly withdrawn. The
estimated depth at the top of V1 was the average of the initial and final depth estimates.

Data collection and analysis

A PDP 11/73 computer controlled the presentation of visual stimuli, the delivery of
electrical stimulation, the collection of eye position (sampled at 200 Hz) and the lever
response, and the delivery of juice.

Electrical stimulation

Electrodes were introduced perpendicular to the dural surface with a hydraulic microdrive
(Fig. 1A, left). Constant-current charge-balanced biphasic pulses were delivered to the brain
via a monopolar glass-coated platinum-iridium electrode [@ 0.3 to 0.6 MQ tested at 1 KHz]
using a Grass S88 dual stimulator attached to a pair of constant-current stimulus isolation
units (Grass PSIU6B, Quincy, MA, USA). For each biphasic pulse, a cathodal and anodal
pulse followed in immediate succession to produce cathode-first (cathodal) pulses. Both
pulses had the same amplitude and duration. For some experiments, the order of the cathodal
and anode pulses was reversed to produce anode-first (anodal) pulses. Current was measured
by the voltage drop across a 1000 Q resistor. The current was monitored continuously using
a Hitachi Oscilloscope (model VV-212, differential amplifier, Japan) and was read as the
amplitude of one pulse (cathodal or anodal) of a biphasic pair. For all experiments 20 pulses
were delivered in a 100 ms train yielding a pulse rate of 200 Hz. For most experiments, the
pulse duration (of a single phase) was fixed at 0.2 ms, but for some experiments the pulse
duration was varied from 0.05 and 0.7 ms. The range of currents used was typically between
1 and 30 pA when using 0.2 ms pulses.

Unit recording was performed using the same electrode as was used to deliver the electrical
stimulation to V1. The action potentials were amplified (Bak A-1B, Germantown, MD,
USA) and filtered (Krohn-Hite 3750, Horsham, PA, USA) and displayed on an oscilloscope
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(Tektronix TDS-210). An audio-monitor (Grass AM8, Quincy, MA, USA) was used to
listen to the unit response.

Results

Stimulation sites

All electrode penetrations were perpendicular to the cortical surface of V1 (Fig. 1A, left). A
total of 20 penetrations were made into V1 of monkey C and a total of 13 penetrations were
made into V1 of monkey H. For both monkeys, the penetration sites contained cells with
visual receptive-field centers varying between 1.5 and 4.5 degrees from the fovea and
between 205 and 270 degrees of meridian. Receptive-field mapping was done with a bright
bar of light (Fig. 1A, right).

Threshold currents for evoking a detection response across cortical depth

While monkeys performed the task illustrated in Figure 1C, trials were conducted to
determine the probability of evoking a detection response from V1 for currents ranging from
1to 30 pA as an electrode was lowered into V1. The current level yielding a detection rate
of 50% was used as the criterion. For the example shown (Fig. 2A, stim), the threshold
current was estimated to be 8 pA (see arrow in figure) for a site situated 1.25 mm below the
top of V1. For current levels greater than 10 pA the detection rate reached asymptote. For
non-stimulation control trials, the monkey depressed the lever less than 10% of the time
(Fig. 2B, cont). The latency of the detection response reached asymptote for currents at and
beyond 10 pA (Fig. 2B). At these currents, the latency of the detection response was
comparable to the latency of the detection response made to a visual target (i.e. 0.25 degrees
in size at 33% positive contrast) presented in the receptive field of the neurons being
activated with electrical stimulation (Fig. 2B, targ). For the stimulation experiments, 0.2 ms
cathode-first pulses were delivered at 200 Hz within a 100 ms train that commenced 200 ms
before the end of the fixation period (Fig. 1C).

The current threshold for evoking a detection response on 50% of stimulation trials is
plotted as a function cortical depth for eleven penetrations made into V1 (Fig. 3).
Stimulation tests were performed at depth increments of 250 um spanning all the layers of
V1 (Peters and Sethares, 1991). At the surface of V1, 30 pA was not sufficient to evoke a
detection response. The lowest current threshold for eliciting this response occurred at 1.75
and 2.0 mm below the cortical surface. At these depths the average current threshold was 6
pA and the lowest threshold observed here for an individual site was 2 pA. The detection
rate for the non-stimulation control trials was at or less than 10%.

Chronaxie estimates as a function of cortical depth

To determine the excitability (or chronaxies) of the directly stimulated elements mediating
the detection response, strength-duration functions were generated (Brindley & Lewin,
1968; Dobelle & Mladejovsky, 1974; Matthews, 1977; Rushton and Brindley, 1978;
Tehovnik & Lee, 1993; Tehovnik & Sommer, 1997; Farber et al., 1997; Tolias et al., 2005).
A function was produced for a single site of stimulation by measuring the current threshold
to evoke a detection response on 50% of stimulation trials for pulse durations ranging from
0.05 msto 0.7 ms (Fig. 4A). For all sites studied (n = 14), the current threshold to evoke a
detection response decreased with increases in pulse duration, reaching asymptote for pulse
durations beyond 0.5 ms. For the shortest pulse duration (i.e. 0.05 ms), the current threshold
ranged from 26 and 155 pA,; and for the longest pulse duration tested (i.e. 0.7 ms), the
current threshold ranged from 5 to 20 pA. For these experiments, cathode-first pulses were
delivered at 200 Hz within a 100 ms train that commenced 200 ms before the end of the
fixation period (Fig. 1C).
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To determine the chronaxies of the directly stimulated elements mediating the detection
response, the strength-duration functions from Figure 4A were normalized such that the
current threshold to evoke a detection response was set to one for a pulse duration of 0.7 ms
and all other thresholds were expressed as a multiple of this threshold (Fig. 4B). Power
functions were fitted for every data set pertaining to a site. For all sites, the R? values were
always greater than 0.8. The chronaxie value for a site can be determined as the pulse
duration at which a power function crossed two units of threshold (designated by the
horizontal dashed line in Fig 4B). The chronaxie values ranged from 0.11 to 0.24 ms with an
overall average of 0.19 ms (Fig. 4B, arrow). Finally, the chronaxie values decreased as a
function of cortical depth (i.e. r =-0.76, n = 14, p < 0.01; Fig. 5) with the values in
superficial V1 (i.e. from 0.3 to 1.6 mm below the cortical surface) ranging from 0.18 to 0.24
ms and with the values in deep V1 (i.e. > 1.6 mm below the cortical surface) ranging from
0.11 to 0.15 ms.

Effectiveness of current pulse polarity with changes in cortical depth

The effectiveness of cathode-first and anode-first pulses for the evocation of a detection
response was studied as a function of cortical depth. Figure 6A shows the current threshold
for eliciting a detection response on 50% of stimulation trials as a function of cortical depth
for anode-first versus cathode-first pulses. The data in the figure are based on a single
penetration made into V1. As the electrode was advanced into the cortex, for both pulse
types the current threshold for evoking a detection response decreased reaching a minimal
threshold from 1.0 to 2.25 mm below the cortical surface. For superficial sites of stimulation
(i.e. between 0 and 1.5 mm below the cortical surface) anode-first pulses were the most
effective, whereas for deep sites of stimulation (i.e. beyond 1.75 mm below the cortical
surface) cathode-first pulses were the more effective. To establish the depth at which the
effectiveness of pulse-type changed from anode-first pulses being superior to cathode-first
pulses being superior, anode-cathode ratios were computed (Fig. 6B-E). A ratio was
determined by dividing the threshold current using anode-first pulses by the threshold
current using cathode-first pulses (Fig. 6B, inset). A ratio of less than one indicates that
anode-first pulses were more effective than cathode-first pulses at eliciting at detection
response, a ratio of one indicates that both pulse types were equally effective, and a ratio of
more than one indicates that cathode-first pulses were more effective. Anode-cathode ratios
are plotted as a function of cortical depth for four penetrations made into V1 (Fig. 6B-E,
note that the plot in B is derived from Fig. 6A). Overall, the depth at which cathode-first and
anode-first pulses were equally effective occurred at a depth between 1.75 and 2.1 mm
below the cortical surface, and beyond this depth cathode-first pulse were best at evoking a
detection response (Fig. 6B-E, arrow in each panel). For these experiments, pulses were
delivered at 200 Hz within a 100 ms train that commenced 200 ms before the end of the
fixation period (Fig. 1C).

Detection latency as a function of cortical depth

The latency at which a detection response was evoked from various depths of V1 was
examined. Latency was defined with respect to the termination of the fixation spot (Fig. 7,
lower right inset). For every site studied, the current threshold to elicit a detection response
on 50% of stimulation trials was determined. The currents used to ascertain the latency of
the detection response ranged from 1 to 4 times the threshold current (Fig. 7A-E, actual
current used is listed at the top of each panel). As the multiple of threshold current was
increased from 1 to 4, the latency at which a detection response was evoked dropped until a
minimum latency was achieved (Fig. 7A-E, see arrow within a panel). This minimal latency
approximated the latency of response made to a visual target (i.e. 0.25 degrees in size at
33% positive contrast) flashed in the receptive field of the stimulated neuronal elements
(Fig. 7A-E, see dotted line within a panel, average latency of 225 ms with standard error of
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3 ms). For these experiments, all stimulation (or onset of a visual target) commenced 100 ms
before the end of the fixation period (Fig. 7, lower right panel plotting the time of events)
and cathode-first pulses were delivered at 200 Hz within a 100 ms train.

The latency of the detection response is plotted as a function of a multiple of threshold
current for five depths along one penetration made into V1 (Fig. 7). At each depth (i.e. 0.25,
0.75, 1.25, 1.75, and 2.25 mm below the top of superficial V1), the latency of a detection
response dropped with increases in current. The shortest latency (i.e. 177 ms) occurred at
2.25 mm below the cortical surface. The minimal latency across the five sites varied from
177 to 215 ms. For a total of nine sites tested from 0.25 to 2.25 mm below the cortical
surface, the minimal latency was on average 208 ms with a standard error of 4 ms. For
suprathreshold currents (Fig. 7, arrow), the latency for detecting the stimulation was
typically less than the latency for detecting the visual stimulus.

From the data in Figure 7, we determined how latency varies as a function of depth for a
fixed current of 20 pA current (Fig. 8). The shortest latency using such a current was 205
ms, and it occurred for stimulations of the deepest layers of V1 (i.e. 2.25 mm below the
cortical surface).

Discussion

Our study establishes that the deepest layers of V1 (i.e. approximately > 1.5 mm below the
cortical surface) are the most excitable for the elicitation of the detection response and
suggests that such responses are mediated mainly by stimulation of axons rather than by
stimulation of cell bodies and terminals. These conclusions are based on four observations.
First, the lowest current thresholds for eliciting a detection response occurred when the
electrode was positioned from 1.25 to 2.25 mm below the cortical surface. These thresholds
could be as low as 2 pA, but the average minimal threshold was 6 pA. These threshold
values agree with the lowest thresholds observed by others using a behavioural paradigm
based on saccade generation (Murphey & Maunsell, 2007). Second, the shortest chronaxies
of stimulated V1 neuronal elements mediating the detection response occurred between 1.6
and 2.5 mm below the cortical surface (i.e. ranging from 0.11 to 0.15 ms). Third, the shortest
latency for the detection response—i.e. < 200 ms—occurred when the deepest layers of V1
(e.g. 2.25 mm below the cortical surface) were stimulated. Such latencies have been
observed previously for stimulation of macaque V1 (Miller & Glickstein, 1967). Finally, for
the deepest portions of V1 (i.e. > 1.75 mm below the cortical surface) cathode-first pulses
were more effective at eliciting a detection response than were anode-first pulses. As
mentioned in the introduction, cathodal pulses are superior to anodal pulses at activating
axons over cell bodies and terminals (Fritsch & Hitzig, 1879; Porter, 1963; Stoney et al.,
1968; Clendenin et al., 1974; Ranck, 1975). Accordingly, monkeys are most sensitive to the
activation of the projections activated from the deepest layers of V1. This concurs with
observations regarding V1 stimulation made by Doty and colleagues decades ago (Bartlett &
Doty,1980; Rutledge & Doty, 1962).

In our experiments, the visual receptive fields of the stimulated V1 cells were identified to
show that our stimulation sites contained neurons characteristic of V1. This, however,
cannot rule out the possibility that our electrical stimulation was antidromically activating
cell bodies that were located outside the field of stimulation but whose axons just happened
to pass through this field.

Excitability of V1 neural elements across cortical depth for electrically evoked responses

Several studies have been conducted looking at how the current threshold to evoke a
behavioural response from V1 varies with cortical depth (Bak et al., 1990; Tehovnik et al.,
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2003a; Tehovnik et al., 2004). Data from these studies are illustrated (Fig. 9, left panels).
Tehovnik et al. (2003a) found that the current threshold for evoking saccadic eye
movements by stimulation of VV1 of monkeys was least for activations of V1 sites situated
between 1.5 and 2.25 mm below the cortical surface (Fig. 9, top left panel). Here currents
below 5 pA were effective at eliciting saccades into the receptive field of the stimulated
neuronal elements. It is noteworthy that the parameters of electrical stimulation used in the
study of Tehovnik et al. (2003a) were the same as those used in the present study to study
the detection response (i.e. 0.2 ms cathode-first pulse delivered at 200 Hz within a 100 ms
train, Fig. 3). Additionally, it was found that at depths beyond 1.75 mm below the cortical
surface, cathode-first pulses were more effective than anode-first pulses at evoking saccadic
eye movements. This again is similar to the results of the present study regarding the
detection response (Fig. 6). This suggests that the neural elements that mediate the detection
response from V1 are similar to those that mediate the electrical evocation of saccadic eye
movements from this region.

Although electrical stimulation of macaque V1 can readily evoke saccadic eye movements
using minute currents as long as the stimulation is delivered after the termination of the
fixation spot (Tehovnik et al., 2003ab), if the electrical stimulation is delivered during the
fixation period immediately before an animal generates a visually guided saccade to a target
in the receptive field of the stimulated neuronal elements the stimulation now delays saccade
generation (Tehovnik et al., 2004). As with the detection response, the current threshold to
evoke a saccadic delay was minimal from 1.5 to 2.25 mm below the cortical surface (cf. Fig.
9, middle left panel and Fig. 3).

Finally, it has been shown by Bak et al. (1990) that the current threshold for evoking
phosphenes by stimulation of human V1 was least when the stimulation was delivered to the
deepest layers of V1 (Fig. 9, bottom left panel). Furthermore, cathode-first pulses were more
effective than anode-first pulses for stimulation of the deepest layers (Bak et al., 1990;
Schmidt et al., 1996). These results agree with the present results for the detection response
(Figs. 3 & 6). Therefore, every time a monkey detects a current delivered to V1 it may very
well be experiencing a phosphene comparable to that experienced by humans as elicited by
V1 stimulation.

Three independent studies—two in monkeys (Tehovnik et al., 2003a, 2004) and one in
humans (Bak et al., 1990)—agree with the conclusion of present study that the deepest
layers of V1 are the most excitable for the elicitation of behavioural responses. Furthermore,
DeYeo et al. (2005) also found low threshold sites for generating the detection response in
layer V of V1, which is in agreement with the present study, but they additionally reported
such sites in layer IlI.

Chronaxies of V1 neuronal elements mediating electrically evoked responses

In the present study it was found that the chronaxies of the directly stimulated neuronal
elements in V1 mediating the detection response had an overall average of 0.19 ms and
ranged from 0.11 to 0.24 ms. This range overlaps with that previously report for macaque
V1 using both micro- and macroelectrodes for the evocation of the detection response
(Bartlett et al., 2005). Chronaxie values have been derived for saccadic eye movements
evoked from macaque V1 (Fig. 9, top right panel; Tehovnik et al., 2003a), for the delay of
visually guided saccades evoked from macaque V1 (Fig. 9, middle right panel; Tehovnik et
al., 2004), and for phosphenes evoked from human V1 (Fig. 9, bottom right panel; Rushton
and Brindley, 1978). In all cases, the average chronaxie values of the neuronal elements
mediating these behaviours were comparable (i.e. about 0.2 ms) to those of neuronal
elements subserving the detection response. A value of approximately 0.2 ms suggests that
the directly stimulated neuronal elements in V1 mediating detection, saccadic eye
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movements, saccadic delays, and phosphenes are composed of similar elements and that
these elements are made up of large pyramidal fibres (Stoney et al., 1968; Asanuma et al.,
1976; Peters & Sethares, 1991). This conclusion is consistent with the observation that many
simple and complex cells exhibit a pyramidal morphology and that these cells are readily
activated by visual stimuli (Hubel and Wiesel, 1977; Gilbert & Wiesel, 1979).

Given that the chronaxies for detection, saccades, and phosphenes are similar, this further
bolsters the idea that every time stimulation is delivered to V1, monkeys experience a visual
percept. Moreover, this is true regardless of whether the behavioural response is a lever
press or a saccadic eye movement. Thus V1 should not be regarded as a motor area per se,
but rather a sensory area that can channel visual information through different motor
systems.

Effect of anodal versus cathodal pulses on the detection response for V1 stimulation

As mentioned in the introduction, electrical stimulation preferentially activates axons over
cell bodies (Porter, 1963; Landau et al., 1965; Stoney et al., 1968; Gustaffson and
Jankowska, 1976; Nowak & Bullier, 1998; Swadlow, 1992; Rattay, 1999; Mclntyre & Girill,
2002). It is the outward current at the initial segment or nodes of Ranvier that triggers an
action potential (Ranck, 1975). An anodal pulse generates such a current at the initial
segment or node of Ranvier of an axon if the electrode is positioned at the cell body, and a
cathodal pulse generates such a current if the electrode is positioned at the axon. This means
that anodal and cathodal pulses should have differential effects on the evocation of
responses based on where the electrode is located with respect to the cell body. Porter
(1963) found that when stimulation was delivered to the hypoglossal complex in the
medulla, tongue motor responses were more readily evoked using an anodal pulse when the
electrode was positioned in the nucleus of the complex and such responses were more
readily evoked using a cathodal pulse when the electrode was positioned in the fibre tract of
the complex. The results of our present study are consistent with this observation in that
anodal pulses were more effective at evoking a detection response when stimulating
superficial regions of V1—which contain a higher proportion of cell bodies to axons as
compared to the deepest portions of V1 (Peters, 1994)—and cathodal pulses were more
effective at evoking a detection response when stimulating the deepest regions of V1—
which contain primarily output axons (Peters, 1994). This finding is also consistent with
what we have previously observed for the electrical elicitation of saccades from V1
(Tehovnik et al., 2003a). As well, cathodal pulses were more effective than anodal pulses for
the evocation of phosphenes from the deepest portions of human V1 (Bak et al., 1990;
Schmidt et al., 1996).

One reason why electrical stimulation of the deepest layers of V1 are the most effective for
evoking behavioural responses irrespective of the stimulation polarity (current study; Bak et
al. 1990; Tehovnik et al. 2003a; Tehovnik et al. 2004) might be because the vertically-
oriented myelinated axons in V1 are more prominent here (Peters and Sethares, 1996) and
because the diameter of these fibres might be the highest here (Haug et al., 1976).

The latency of the detection response elicited electrically from V1

The shortest latency of the detection response occurred for stimulations of the deepest layers
of V1 (Fig. 7E). When a fixed current of 20 uA was used, the shortest latency (< 225 ms)
was evident at 1.75 and at 2.25 below the cortical surface (Fig. 8). Such a current is
estimated to activate tissue directly within 172 um from the electrode tip (estimate based on
the current-distance relationship—r = (I/K)Y2—where r is the radial spread of current, K is
the current-distance constant of 675 pA/mm2, and | is a current of 20 wA; see Tehovnik et
al., 2006); therefore, this current was confined to the output layers of V1, which are roughly
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500 pm thick (i.e. layers V & VI; Peters & Sethares, 1991). A similar result was observed
for the evocation of saccadic eye movements when a 20 pA current was delivered to the
deepest layers of V1 (Tehovnik et al., 2003a). Stimulation of the deepest layers (i.e. 2.0 mm
below the cortical surface) evoked saccadic eye movements at the shortest latencies (i.e. <
70 ms).

It has been suggested that saccadic eye movements elicited electrically from V1 are
dependent on the corticotectal pathway (Tehovnik et al., 2003a). The deepest layers of V1
send direct projections to the superior colliculus (Spatz et al., 1970; Lund et al., 1975; Fries,
1984), and ablations of the superior colliculus abolish all saccades elicited electrically from
V1 (Schiller, 1977; Keating et al., 1983; Keating & Gooley, 1988a). Some have argued that
the superior colliculus also mediates forelimb movements (Werner et al., 1997ab). Whether
the transection of projections between V1 and the superior colliculus or between V1 and
some other subcortical site in monkeys (Spatz et al., 1970; Lund et al., 1975) can abolish the
detection response is not known. Rutledge and Doty (1962) were able to largely abolish the
detection response from cat visual cortex (areas V1 and V2) after cutting the output fibres
from the deepest layers, but they could reinstate the response with additional training and by
doubling the intensity of the electrical current. When they surgically isolated the visual
cortex from other cortical areas, however, the detection response was spared.

Electrical stimulation of V1 to elicit phosphenes

Electrical stimulation delivered to the occipital cortex induces humans to report the
appearance of phosphenes in their visual field (Penfield & Rasmussen, 1957). A phosphene
has been described as a bright spot of light varying in size of up to roughly 2 degrees of
visual angle (Dobelle & Mladejovsky, 1974; Schmidt et al., 1996). Stimulation parameters
similar to those used in the current study (i.e. currents of 2 to 30 pA,; pulse durations of 0.2
ms; train durations of 125 ms; and frequencies of 200 Hz; cathode-first biphasic pulses)
have been effective at evoking phosphenes from V1 of humans when using microelectrodes
(Schmidt et al., 1996).

As alluded to earlier, the chronaxies of elements that mediate phosphenes in humans are
similar to those that mediate the detection response in monkeys (current study; Brindley &
Lewin, 1968; Dobelle & Mladejovsky, 1974; Rushton & Brindley, 1978; Bartlett et al.
2005). This similarity is one reason why the detection response has been used to study
phosphene induction in monkeys.

It is well established that the detection response can be evoked electrically from many
regions of the brain including the lateral geniculate nucleus, the striate and extrastriate
cortex, the pulvinar, and the superior colliculus (for a complete list see Doty, 1965).
Electrical stimulation of all these areas in humans is known to evoke phosphenes (Marg &
Dierssen, 1965; Brindley & Lewin, 1968; Nashold, 1970; Dobelle & Mladejovsky, 1974;
Rushton & Brindley, 1978; Tasker et al., 1980; Bak et al., 1990; Schmidt et al., 1996; Lee et
al., 2000). Stimulation of macaque V1 is believed to generate a qualitatively uniform percept
irrespective of where in the V1 map the stimulation is applied, because the effect of
stimulating one site in V1 to evoke a detection response is immediately generalized to
another site in V1 (Doty, 1965; Schuckman et al., 1966; Doty, 1969; Schuckman et al.,
1970; Bartlett et al., 2005). The same is not true when the detection response needs to be
transferred between different anatomical structures such as between V1 and the lateral
geniculate nucleus or between V1 and extrastriate cortex (Doty, 1965, 1969; Schuckman et
al., 1970; Bartlett et al., 2005). Additional training is required to transfer the response
between distinct anatomical structures (Doty, 1965, 1969; Schuckman et al., 1970; Bartlett
et al., 2005). Poor transfer between sites has been used to infer that qualitatively different
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percepts are being generated by the stimulation of different anatomical structures (Doty,
1965; Schuckman et al., 1970).

For many of the ‘transfer’ experiments, the currents used were greater than 50 pA and up to
1000 pA (Doty, 1965; Schuckman et al., 1970; Bartlett et al., 2005). These currents activate
up to an entire hypercolumn (Tehovnik et al., 2006). Hence it is not surprising that such
stimulation of V1 induces a common percept irrespective of which hypercolumn is
stimulated (Doty, 1965, 1969; Schuckman et al., 1970; Bartlett et al., 2005) given that a
hypercolumn is presumed to be the functional unit of V1 (Hubel and Weisel, 1977). Transfer
between various sites of stimulation within V1 might not occur as readily using extremely
low currents that activate a minute portion of a hypercolumn, thereby eliciting phosphenes
whose perceptual characteristics depend on the site of stimulation (Schmidt et al., 1996;
Tehovnik and Slocum, 2007ab). For instance, a site generating a red phosphene might be
judged differently from a site generating a blue phosphene. Clearly, more experiments will
need to be performed using low currents to address this issue.

Pathways utilized by V1 to transmit the phosphene signal

Two pathways have been proposed by which neocortex gains access to the saccade
generator in the brainstem for the generation of visually-guided saccadic eye movements:
one pathway that projects from striate and extrastriate cortex through the superior colliculus
and a second pathway that projects from the frontal eye fields to the brainstem (Schiller and
Tehovnik, 2001). Lesions of both the superior colliculus and the fontal eye fields abolish all
visually guided saccades while lesions of either structure alone spare these saccades
(Schiller et al., 1980; Keating and Gooley, 1988b). What needs to be determined is whether
training monkeys on visual tasks can recover the saccadic eye movements evoked
electrically from V1 that are lost following collicular lesions (Schiller, 1977; Keating et al.,
1983; Keating & Gooley, 1988a). After collicular lesions the pathway to the saccade
generator via the frontal eye fields is still intact and therefore possibly accessible to a
phosphene signal generated electrically in V1. As previously mentioned, following
transection of corticofugal fibres from visual cortex (areas V1 and V2) the detection
response can be reinstated with training (Rutledge and Doty, 1962).

Conclusions

The detection response evoked electrically from the deepest layers of macaque V1 exhibit
the lowest current threshold, the shortest chronaxies, and the shortest latencies. Also at these
depths cathodal pulses are more effective at evoking a response than are anodal pulses,
thereby suggesting that the output axons from V1 are being activated by the stimulation to
generate the detection response. Finally, we believe that it is electrical stimulation
experiments on animals of the sort described here that should eventually lead to the
development of prosthetic devices for the restoration of sensory and motor functions in
disabled individuals (Otto et al., 2005; Leal-Campanario et al., 2006; Butovas and Schwarz,
2007; Fitzsimmons et al., 2007; Pezaris and Reid, 2007; Cohen, 2008; Schiller and
Tehovnik, 2008).
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Figure 1.

Methods. (A, left) All electrodes (e) were lowered into V1 such that they penetrated the
cortex perpendicular to its surface. (A, right) Receptive fields (RF) were mapped by moving
a bar of light at different orientations across the visual field, as the monkey remained fixated
on a spot of light (fix). (B, C) For all trials, an animal fixated a spot for 600 ms (fix)
otherwise the trial was aborted and no juice reward was delivered. Two types of trials were
used as described in B and C: (B) For visual trials, a visual target (targ) was flashed for 200
ms at the end of the fixation period (fix). The target was set at positive contrast (33%,
Michaelson; target luminance = 153 cd/mm?; background luminance = 76.7 cd/mm?) and at
0.25 degrees in size. It was centered in the receptive field of the neurons under study (see
panel to the right). Following the termination of the fixation spot and visual target, the
monkey was required to depress a lever (lever) with its left hand in order to obtain a juice
reward (juice). The monkey was given 800 ms following fixation-spot and target offset to
depress the lever. On 50% of trials, control trials during which no visual target was
presented were interleaved with the visual trials. For such trials, the monkey was required
not to depress the lever in order to obtain a juice reward. For both visual and control trials,
the monkey was allowed to generate a saccadic eye movement (sacc) away from the fixation
location at the termination of the fixation spot. (C) For stimulation trials, a 100 ms train of
electrical stimulation (stim) was delivered to the neurons under study (also see panel to right
of B). The stimulation commenced at 200 ms before the end of the fixation period (fix).
Following termination of the fixation spot, the monkey was required to depress a lever
(lever) with its left hand in order to obtain a juice reward (juice). The monkey was given 800
ms following fixation offset to depress the lever. Depressing the lever indicated that the
monkey detected to electrical stimulation. On 50% of trials, control trials during which no
stimulation was presented were interleaved with the stimulation trials. For such trials, the
monkey was required not to depress the lever in order to obtain a juice reward. For both
stimulation and control trials, the monkey was allowed to generate a saccadic eye movement
(sacc) away from the fixation location at the termination of the fixation spot.
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Figure 2.

Measuring current threshold. (A) Detection rate is plotted as a function current for 20
stimulation trials (stim). The current threshold was defined as the amount of current required
yielding a 50% detection rate that was 8 pA (arrow). Control trials indicate that the monkey
depressed the lever less then 10% of the time when no stimulation was delivered (cont). (B)
The latency to depress the lever following the termination of the fixation spot is shown for
stimulation trials (stim) across different current levels. Standard errors of the mean are
shown. The “x’ indicates that no latency measure was obtained for the zero current
condition. The average latency to depress the lever for target trials is indicated by the dotted
line (all latencies are with respect to the termination of the fixation spot). Data in A and B
are from the same experiment in which a 100 ms train of 0.2 ms cathode-first pulses were
delivered at 200 Hz to a V1 site at 1.25 mm below the cortical surface. Data are from
monkey C. See Fig. 1 for other details.
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Figure 3.
Current threshold. The current threshold to evoke a detection response on 50% of

stimulation trials is plotted as a function of cortical depth. Each value is based on an average
taken from 11 penetrations made into V1 (9 penetrations from monkey C and 2 penetrations
from monkey H). A total of 110 sites were studied, ten for each penetration. The probability
of evoking a detection response for a given site with a particular current was based on 10
stimulation trials (see Fig. 2A for details). The square marker indicates that a detection
response was not readily elicited from the site using a maximal current of 30 pA. Standard
deviations are shown. Illustrated to the right is the lamination of macaque V1 over a 2.25
mm depth starting from top of superficial V1 (Peters and Sethares, 1991). Pulse duration,
pulse frequency, and train duration were fixated at 0.2 ms, 200 Hz, and 100 ms, respectively.
Cathode-first pulses were used for all experiments. All stimulation occurred 200 ms before
the termination of the fixation spot. The detection rate for non-stimulation control trials was
at 10% or less. All data were collected while a monkey performed the task illustrated in
Figure 1C. Data are from monkeys C and H.
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Figure 4.

Excitability of neurons mediating the detection response. (A) Current threshold for evoking
a detection response on 50% of stimulation trials is plotted as a function of pulse duration.
Each data point for a curve is based on 10 stimulation trials. Each curve in a panel represents
data from one stimulation site. A total of 14 stimulation sites situated between 0 and 2.5 mm
below the cortical surface were studied (11 sites from monkey C and 3 sites from monkey
H). Pulse frequency and train duration were fixated at 200 Hz and 100 ms, respectively.
Cathode-first pulses were used for all experiments. The detection rate for non-stimulation
control trials was at 10% or less. All data were collected while a monkey performed the task
illustrated in Figure 1C. See Figure 2A for other details. (B) Normalized threshold current
based on the data from *A’ is plotted as a function of pulse duration. For a pulse duration of
0.7 ms, the current required to evoke a detection response on 50% of stimulation trials is set
to one and all other values are expressed as a multiple of the current used at the 0.7-ms pulse
duration. Data are fitted using power functions for which the R2 values are greater than 0.8.
The pulse duration at which a curve intersects two units of threshold (designated by the
dotted horizontal line) indicates the chronaxie of the stimulated elements at the site of study.
The arrow indicates that the average chronaxie for the 14 sites was 0.19 ms. Data are from
monkeys C and H.
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Figure 5.

Chronaxies over cortical depth. The chronaxie values of Figure 4 are plotted as a function of
cortical depth. The dotted line links chronaxie values collected from the same penetration
made into V1. Overall the chronaxie values drop as a function of cortical depth (r =-0.76, p
<0.01,n=14).
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Figure 6.
Effects of anode-first versus cathode-first stimulation. (A) The current threshold to evoke a

detection response on 50% of stimulation trials is plotted as a function of cortical depth for
anode-first (solid curve) versus cathode-first (dotted curve) pulses for one penetration made
into V1. Each data point for a curve is based on 10 stimulation trials. The square marks
indicate that a detection response could not be evoked using a maximal current of 30 pA.
Pulse duration, pulse frequency, and train duration were fixated at 0.2 ms, 200 Hz, and 100
ms, respectively. The detection rate for non-stimulation control trials was at 10% or less. All
data were collected while a monkey performed the task illustrated in Figure 1C. See Figure
2A for other details. (B-E) Anode-cathode ratios are plotted as a function of cortical depth
for three penetration sites made into V1. A ratio is determined by dividing the current
threshold to evoke a detection response on 50% of stimulation trials using anode-first pulses
by the current threshold to evoke a detection response on such trials using cathode-first
pulses (see inset in B). The curve in B is based on data of *A’. For each curve (B-E), ratios
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were computed for sites between 0 and 2.5 mm below the surface of V1. Ratio values were
not computed for the most superficial sites test (e.g. at a depth of 0 mm) since a detection
response could not be evoked at these sites using a 30 pA current. The arrow within a panel
indicates the depth at which the ratio equaled one. This is the depth beyond which cathode-
first pulse became more effective than anode-first pulses. ‘A to D’ are from monkey C and
‘E’ is from monkey H.
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Figure 7.

Latency to evoke a detection response. The latency to evoke a detection response is plotted
as a function of a multiple of threshold current for five depths (i.e. 0.25, 0.75, 1.25, 1.75, and
2.25 mm) along one penetration (A-E). The latency was measured with respect to the
termination of the fixation spot. The threshold current was the current required to evoke a
detection response on 50% of stimulation trials. Each curve within a panel represents the
saccadic latency for a given current threshold value. Each data point is based on 10
stimulation trials. Standard errors of the mean are shown. The actual currents used are listed
at the top of each panel. The arrow within a panel indicates the average minimal latency to
evoke a detection response. Pulse duration, pulse frequency, and train duration were fixated
at 0.2 ms, 200 Hz, and 100 ms, respectively. The detection rate for non-stimulation control
trials was at 10% or less. The dotted line within a panel indicates the average latency for
detecting a visual target presented in the receptive field of the stimulated neurons elements
(standard error =3 ms; N =5 blocks of 10 trials each). All data were collected while a
monkey performed the task illustrated in Figure 1B,C with a slight variation: both the
electrical stimulation and visual target were presented 100 ms before the end of the fixation
period [see lower-right panel: fixation time (fix); stimulation time (stim); target time (targ)]

Eur J Neurosci. Author manuscript; available in PMC 2011 March 26.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tehovnik and Slocum

Page 24

to reduce the time between the onset of these events and the termination of the fixation spot.
All data are from monkey C. See Figure 2 for other details.
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Figure 8.

Latency over cortical depth. The latency to evoke a detection response is plotted as a
function of the depth below the cortical surface using a 20 pA current. These data were
derived from Figure 7 by interpolating between the data points to yield the latency values.
The arrow indicates a minimal latency of 205 ms at the greatest cortical depth tested. The
dotted curve indicates the average latency to detect the visual target (standard error = 3 ms;
N =5 blocks of 10 trials each). See Figure 7 for details.
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Figure 9.

Current threshold and chronaxie functions for saccades, saccadic delays, and phoshenes
induced from V1. Left panels illustrate current threshold functions: (top, left) The current
threshold to evoke a saccadic eye movements on 50% of stimulation trials is plotted as a
function of cortical depth for macaque V1. The square marker indicates that saccades were
not elicited using a maximal current of 30 pA. Standard errors of the mean are shown.
Illustrated to the right is the lamination of V1 over a 2.25 mm depth starting from the top of
V1 (Peters and Sethares, 1991). Pulse duration, pulse frequency, and train duration were
fixated at 0.2 ms, 200 Hz, and 100 ms, respectively. Cathode-first pulses were used for all
experiments. For other details see Tehovnik et al. (2003a). (middle, left) The current
threshold to evoke a 20 ms saccadic delay of visually guided saccades made into the visual
receptive field of the stimulated neuronal elements is plotted as a function of cortical depth
for macaque V1. The square marker indicates that a delay was not elicited using a maximal
current of 100 pA. Standard errors of the mean are shown. Illustrated to the right is the
lamination of V1 over a 2.25 mm depth starting from top of V1 (Peters and Sethares, 1991).
Pulse duration, pulse frequency, and train duration were fixated at 0.2 ms, 200 Hz, and 100
ms, respectively. Anode-first pulses were used for all experiments. For other details see
Tehovnik et al. (2004). (bottom, left) The current threshold to evoke a phosphene from
human V1 is plotted as a function of cortical depth for one penetration. The current is
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represented on a log scale. Illustrated to the right is the approximate lamination of human
V1 (Rockel et al., 1980). Pulse duration, pulse frequency, and train duration were fixated at
0.2 ms, 100 Hz, and 1000 ms, respectively. Anode-first pulses were used for all
experiments. For other details see Bak et al. (1990). Right panels illustrate chronaxie
functions: (top, right) Normalized threshold current for evoking a saccadic eye movement on
50% of stimulation trials is plotted as a function of pulse duration for macaque V1. For a
pulse duration of 0.7 ms, the current required to evoke a saccade on 50% of stimulation
trials is set to one and all other values are expressed as a multiple of the current used at the
0.7-ms pulse duration. The pulse duration at which a curve intersects two units of threshold
(designated by the dotted horizontal line) indicates the chronaxie of the stimulated elements
at the site of study. The arrow indicates an average chronaxie of 0.2 ms. Pulse frequency and
train duration were fixated at 100 Hz and 100 ms, respectively. Cathode-first pulses were
used for all experiments. For other details see Tehovnik et al. (2003a). (middle, right)
Normalized threshold current for evoking a 20 ms delay of visually guided saccades made
into the visual receptive field of the stimulated neuronal elements is plotted as a function of
pulse duration for macaque V1. For a pulse duration of 0.7 ms, the current required to evoke
a 20 ms delay is set to one and all other values are expressed as a multiple of the current
used at the 0.7-ms pulse duration. The pulse duration at which a curve intersects two units of
threshold (designated by the dotted horizontal line) indicates the chronaxie of the stimulated
elements at the site of study. The arrow indicates an average chronaxie of 0.18 ms. Pulse
frequency and train duration were fixated at 100 Hz and 100 ms, respectively. Anode-first
pulses were used for all experiments. For other details see Tehovnik et al. (2004). (bottom,
right) Normalized threshold current for evoking a phosphene is plotted as a function of pulse
duration based on the average of five site studied over the surface of human V1. For a pulse
duration of 2 ms, the current required to evoke a phosphene is set to one and all other values
are expressed as a multiple of the current used at the 2-ms pulse duration. The pulse duration
at which a curve intersects two units of threshold (designated by the dotted horizontal line)
indicates the chronaxie of the stimulated elements. The arrow indicates a chronaxie of 0.2
ms. Pulse frequency and train duration was fixated at 100 Hz and 100 ms, respectively.
Cathodal pulses were used for all experiments. For other details see Rushton & Brindley
(1978).
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