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A B S T R A C T   

A general intravenous anesthetic propofol (2,6-diisopropylphenol) is widely used in clinical, veterinary practice 
and animal experiments. It activates gamma- aminobutyric acid (GABAa) receptors. Though the cerebral cortex is 
one of the major targets of propofol action, no study of dose dependency of propofol action on cat visual cortex 
was performed yet. Also, no such investigation was done until now using intrinsic signal optical imaging. Here, 
we report for the first time on the dependency of optical signal in the visual cortex (area 17/area 18) on the 
propofol dose. Optical imaging of intrinsic responses to visual stimuli was performed in cats before and after 
propofol bolus injections at different doses on the background of continuous propofol infusion. Orientation 
amplitude maps were recorded. We found that amplitude of optical signal significantly decreased after a bolus 
dose of propofol. The effect was dose- and time-dependent producing stronger suppression of optical signal under 
the highest bolus propofol doses and short time interval after injection. In each hemisphere, amplitude at car-
dinal and oblique orientations decreased almost equally. However, surprisingly, amplitude at cardinal orienta-
tions in the ipsilateral hemisphere was depressed stronger than in contralateral cortex at most time intervals. As 
the magnitude of optical signal represents the strength of orientation tuned component, these our data give new 
insights on the mechanisms of generation of orientation selectivity. Our results also provide new data toward 
understanding brain dynamics under anesthesia and suggest a recommendation for conducting intrinsic signal 
optical imaging experiments on cortical functioning under propofol anesthesia.   

1. Introduction 

Propofol (2,6-diisopropylphenol) is a general anesthetic which is 
often used in clinical (Langley and Heel, 1988; Marik, 2004; Dunn et al., 
2007; Ota et al., 2010; Li et al., 2013) and veterinary practice (Morgan 
and Legge, 1989; Glowaski and Wetmore, 1999; Short and Bufalari, 
1999; Sano et al., 2003; Monteiro et al., 2014), and animal experiments 
(Brown et al., 2003; Samonds and Bonds, 2005). After intravenous in-
jection, propofol rapidly exerts its anesthetic effect (Major et al., 1981; 
Langley and Heel, 1988). Short recovery time after single injections 
allows using it for small surgical procedures (Glowaski and Wetmore, 
1999; Langley and Heel, 1988; Dunn et al., 2007). Propofol can also be 

used for long-lasting surgeries and experiments by maintaining its blood 
concentration with a continuous infusion, or by single bolus injections 
(Langley and Heel, 1988; Cavazzuti et al., 1991; Raszplewicz et al., 
2013). 

Propofol exerts its anesthetic effect mainly by facilitating intra-
cortical inhibition via activation of benzodiazepine gamma- amino-
butyric acid (GABAa) receptors (ligand-gated Cl- channels) (Collins, 
1988; Concas et al., 1990; Fritschy and Panzanelli, 2014; Hao et al., 
2020; Kobayashi and Oi, 2017). It also modulates ion channels that 
determine firing properties of neurons. It inhibits voltage-gated Na+

currents (INa) that are important for the generation and propagation of 
action potentials (Ratnakumari and Hemmings, 1997; Rehberg and 

Abbreviations: CB, cardinal bias; EEG, electroencephalogram; GABA, gamma- aminobutyric acid; Ih, a hyperpolarization-activated pacemaker inward current; Ik, 
the delayed rectifier potassium current; INa, voltage-gated Na+ currents; K-W ANOVA test, Kruskal-Wallis One-Way ANOVA test; N-K test, nonparametric New-
man–Keuls’ Multiple Comparisons test; ROI, region of interest; t-test, two-tailed t-test; U test, Wilcoxon Rank Sum/Mann-Whitney U test. 
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Duch, 1999; Ouyang et al., 2003; Martella et al., 2005). Potassium 
channels are also important regulators of neuronal excitability. They set 
the resting membrane potential and firing thresholds, repolarize action 
potentials, and limit excitability (Debanne et al., 2011). They determine 
the shape and the rate of action potentials (Jensen et al., 2011). Propofol 
inhibits the delayed rectifier potassium current (Ik) slowing the recovery 
of Ik from inactivation (Song et al., 2011; Zhang et al., 2016). Propofol 
inhibits K+-evoked glutamate release mediated by activation of GABAa 
receptors (Buggy et al., 2000) and Na+ channel-mediated glutamate 
release (Lingamaneni et al., 2001). Propofol also suppresses a 
hyperpolarization-activated pacemaker inward current (Ih) (Funahashi 
et al., 2001; Chen et al., 2005; Ying et al., 2006) that could result in a 
decline of neuronal activity. Propofol suppresses voltage-gated Ca2 +
currents which regulate firing properties of neurons such as 
spike-timing, burst-firing, and action potential threshold (Inoue et al., 
1999; Martella et al., 2005; Debanne et al., 2011; Liu et al., 2019). Thus, 
propofol depresses brain activity by increasing inhibition and dimin-
ishing excitation. The in vitro experiments (Collins, 1988; Concas et al., 
1990; Ratnakumari and Hemmings, 1997; Inoue et al., 1999; Rehberg 
and Duch, 1999; Funahashi et al., 2001; Ouyang et al., 2003; Chen et al., 
2005; Martella et al., 2005; Ying et al., 2006; Lingamaneni et al., 2001; 
Song et al., 2011; Zhang et al., 2016; Liu et al., 2019) showed that 
propofol is acting in a concentration-dependent manner. 

The cerebral cortex is one of the major targets of propofol action (Liu 
et al., 2013). However, there is a lack of in vivo investigations of dose 
dependency of propofol action on cortical activity. The in vivo in-
vestigations were mostly performed on the somatosensory cortex of the 
rat (Tan et al., 1993; Logginidou et al., 2003; Reed and Plourde, 2015) 
and primate (Ishizawa et al., 2016) and auditory cortex of the rat 
(Antunes et al., 2003) and human (Dueck et al., 2005). It was reported 
that the propofol effect can differ between different cortical areas (Ish-
izawa et al., 2016). However, there is a shortage of in vivo data on the 
dose dependency of propofol action in visual cortex. It is shown only, in 
rat primary visual cortex, that propofol injection changes the 
resting-state fMRI functional connectivity in the dose-dependent 
manner (Liu et al., 2013). Another fMRI study in rat primary visual 
cortex showed that propofol greatly decreases the dynamic repertoire of 
brain states (Hudetz et al., 2015). Propofol diminishes visual cortical 
evoked potential amplitude in rats, reducing both the ON and OFF 
components and spontaneous activity (Arena et al., 2017). No study of 
dose dependency of propofol action on cat visual cortex was performed 
yet. Also, no such investigation was done until now using intrinsic signal 
optical imaging. 

Intrinsic signal optical imaging allows visualizing the neuronal ac-
tivity from a large population of cortical neurons with a high spatial 
resolution (~50 µm) (for review, see Zepeda et al., 2004). The optical 
imaging technique was developed by Grinvald with coauthors (Grinvald 
et al., 1986; Frostig et al., 1990; Ts’o et al., 1990). This technique is 
based on the registration of optical properties of the nervous tissue that 
result from the increased oxygen consumption by active neurons 
(Frostig et al., 1990; Vanzetta and Grinvald, 1999). The neuronal acti-
vation leads to changes in the light scattering. The process is biphasic, 
with a local increase in deoxy-hemoglobin concentration following by 
an increase in oxy-hemoglobin corresponding to an initial decrease and 
later increase in reflected light intensity (Zhao et al., 2007). Intrinsic 
optical signals reflects both spiking and subthreshold activity (Das and 
Gilbert, 1995; Toth et al., 1996). The optical imaging technique allowed 
to visualize in details functional maps for orientation, direction, spatial 
frequency and ocular dominance in the visual cortex. Visual cortex has a 
columnar organization where cells in each column from superficial to 
deep layers prefer the same orientation of the visual stimulus as was first 
established in electrophysiological experiments in cats (Hubel and 
Wiesel, 1962) and confirmed in optical imaging experiments in cats 
(Grinvald et al., 1986; Bonhoeffer and Grinvald, 1991; Hübener et al., 
1997) and monkeys (Ts’o et al., 1990; Grinvald et al., 1991). 

Orientation selectivity is a distinctive feature of visual cortical 

neurons. It is established at the cortical level owing to the convergent 
afferent geniculocortical projections and local cortical circuits (Vidya-
sagar and Eysel, 2015). Many studies have demonstrated the importance 
of inhibition in generating and shaping orientation selectivity (for re-
view, see Vidyasagar et al., 1996; Ferster and Miller, 2000; Alitto and 
Dan, 2010; Priebe, 2016). 

It was shown in animals and humans that more neurons in visual 
cortex respond to cardinal (vertical and horizontal) than to oblique 
orientations (the so-called “oblique effect”) (Coppola et al., 1998; Yu 
and Shou, 2000; Dragoi et al., 2001; Kenet et al., 2003; Wang et al., 
2003a, Wang et al., 2003b; Wang, 2004; Coppola and White, 2004; 
Liang et al., 2007; Shen et al., 2008). The effect is not equally observed 
in different species. The most controversial results were reported about 
overrepresentation of cardinal orientations in the cat visual cortex. 
Some authors report the overrepresentation of neurons responding to 
cardinal contours in cats (Yu and Shou, 2000; Dragoi et al., 2001; Li 
et al., 2003; Kenet et al., 2003; Wang et al., 2003a, Wang et al., 2003b; 
Wang, 2004) while other authors could not find clear differences be-
tween representation of cardinal and oblique orientations both in elec-
trophysiological experiments (Hubel and Wiesel, 1962; Campbell et al., 
1968; Rose and Blakemore, 1974) and in optical imaging studies (Bon-
hoeffer and Grinvald, 1993; Müller et al., 2000; Ribot et al., 2008). The 
mechanisms of the “oblique effect” are still not fully understood. How-
ever, it has been suggested that more circuitry in the visual cortex is 
devoted to processing contours oriented along cardinal axes than to 
oblique contours (Wang et al., 2003b). It was also noticed that responses 
evoked by cardinal stimuli were generally greater than those by oblique 
stimuli (Yu and Shou, 2000) though no details were provided. 

Here, we investigated the dose-depended changes in orientation 
amplitude maps recorded with an intrinsic signal optical imaging 
method in the cat visual cortex after propofol bolus injections. As pro-
pofol depresses neuronal activity in the visual cortex, one may expect 
that different doses will produce different changes in orientation selec-
tivity maps including specific changes in the strength of suppression at 
cardinal and oblique orientations. This may involve also connections 
between different cortical areas which can be differently affected by 
propofol. Our experiments showed that propofol decreases the ampli-
tude of the optical signal in a dose-dependent manner. Amplitude at 
cardinal and oblique orientations decreased almost equally in each 
hemisphere. However, surprisingly, amplitude at cardinal orientations 
in the ipsilateral hemisphere was depressed stronger than in contralat-
eral cortex at most time intervals. 

2. Material and methods 

2.1. Animals and surgical preparation 

Experiments were performed on nine adult cats of either sex. The 
study was carried out in accordance with the European Communities 
Council Directive of 24 November 1986 (86/609/ EEC) revised 22 
September 2010 (Directive 2010/63/EU of the European Parliament 
and of the Council). The experimental protocol was approved by the 
Ethical Commission of the Institute of Higher Nervous Activity and 
Neurophysiology of the Russian Academy of Sciences. All efforts were 
made to minimize the number of animals used and their suffering. 

Surgical preparations included tracheotomy for artificial ventilation, 
forelimb vein cannulation, craniotomy (16 mm diameter) over the visual 
cortex (areas 17 and 18) of both hemispheres and durotomy that were 
done under anesthesia with ketamine hydrochloride (Calypsol, Gedeon 
Richter Plc., Budapest, Hungary; 10–15 mg/kg, i/m) in combination 
with vetranquil (Ceva Santé Animale, Libourne, France; 30–40 mg/kg). 
Propofol bolus was injected in the dose that allowed a tracheal intuba-
tion. Animals placed in the stereotaxic apparatus were paralyzed with 
arduan (Gedeon Richter Plc., Budapest, Hungary, 0.2–0.4 mg/kg, i/v) in 
5% dextrose lactated Ringer’s nutritive solution. Arduan (0.2–0.4 mg/ 
kg) was also administered every 1.5–2 h for additional animal 
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relaxation. Anesthesia sustained with propofol (0.4%, Diprivan, Frese-
nius Kabi, Bad Homburg, Germany; i/v). Propofol was delivered 
continuously at 2–4 mg/kg/h. In addition, butomidor (Richter Pharma 
AG, Wels, Germany; SC 2–4 mg/kg) was administered every 6 h to 
reduce pain. The anti-inflammatory agent dexamethasone (Shreya Life 
Sciences Pvt. Ltd, Mumbai, India; 2–4 mg/kg) was also injected 

subcutaneously. Adequate level of anesthesia was controlled by 
observing CO2 concentration in the expired air (3.8–4.0%), heart rate 
(120–160 beats/min), body temperature (38.5 ◦С) and EEG. The head of 
each animal was set in the stereotaxic apparatus with ear, mouth, and 
orbital bars. The orbital bar pressed lightly on the eyeball, restricting its 
movement. Pupils were dilated with atropine (1%) and the nictitating 
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Fig. 1. Construction of orientation maps. A, time course of the light reflectance signal from a set of 4778 images (frames) of the visual cortex at one pixel. Y-axis: 
signal amplitude (dark blue) as the percentage of its average value for a given epoch of analysis (10 min). The synchronization signal is shown in light blue. B, the 
isoline (trend) of the response obtained after smoothing the signal by a sliding-window averaging over a window of one stimulus cycle (1 min). Same conventions as 
in A. C, the detrended signal after the isoline subtraction. D, the reference signal (sinusoid) at the double frequency of visual stimulation for a calculation of the 
second harmonic amplitude at one pixel. E, a raw map of the orientation amplitude (the scalar product of the signal after a subtraction of the isoline and reference 
signal). F, the averaged map with averaged values of the signal for a given epoch of analysis. G, the normalized map after dividing the raw map shown in E to the 
averaged value of the signal. H, the orientation amplitude map after high-pass and low-pass filtering. 
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membranes were contracted with phenylephrine hydrochloride 
ophthalmic solution (Iriphrine, Sentiss Pharma Private Limited, Har-
yana, India; 2.5%). Plano contact lenses were placed on the cat’s eyes to 
protect the cornea from drying. One eye was closed with a non- 
transparent partition. Additionally, the eyelids were opened with a lid 
retractor, which also restricted eyeball movement. 

After durotomy, the opening was covered with agarose (Fluka Bio-
chemicals, Sigma Aldrich; 3%) with a low temperature of hardening. A 
cover glass was placed above the agarose. 

2.2. Visual stimulation 

Visual stimuli were generated by custom-made software developed 
by Dr. V.Kalatsky (ContStim, VK Imaging, Houston, Texas, USA) and 
displayed on a cathode ray screen (LG Flatron 795RT Plus, effective 
display area of 305 ×235 mm, mean luminance 40 cd/m2, with a refresh 
rate of 70 Hz) placed 57 cm from the cat’s eyes, centered on the rep-
resentation of the area centralis and synchronized with the data acqui-
sition processes. The requirements to parameters of a visual stimulus for 
continuous-periodic stimulation were described and fully explained by 
V.Kalatsky (2009). Monocular stimulation under scotopic (dark) adap-
tation was used. The stimulus was a moving clockwise full-screen 
drifting (a temporal frequency of 2 cycles/s) and rotating (angle speed 
of 1 rotation per minute, or 0.0167 Hz, 360◦ /min rotation) square-wave 
grating (100% contrast, a spatial frequency of 0.2 cycles/deg.). Note 
that since direction selectivity is not a factor, contours rotated through 
180◦ are equivalent. The full-field grating can be moved only perpen-
dicular to itself; translations parallel to the lines of the grating have no 
effect (Kalatsky, 2009). Orientations were changed continuously (i.e., 
without any interruption, according to the method of Kalatsky and 
Stryker (2003)). Each cycle of visual stimulation (60 s) included an 
infinite number of orientations with opposite stimulus directions. The 
grating orientation advanced by 22.5◦ every 3.75 s, such that a 180◦ 
cycle was completed every 30 s 

2.3. Optical imaging 

Intrinsic optical imaging was done using continuous-periodic visual 
stimulation with continuous data acquisition (method of Kalatsky and 
Stryker (2003)). A CCD camera (Dalsa 1M60P, USA) with 1024 × 1024 
pixels in a matrix of 12 × 12 mm) was equipped with a tandem-lens 
macroscope (Ratzlaff and Grinvald., 1991; Grinvald et al., 1994). The 
surface vascular pattern was recorded with green illuminating light 
(546 nm). After acquisition of a surface image, the camera was focused 
600–700 µm below the cortical surface. Intrinsic signals reflected from 
the cortical surface illuminated with 630 nm red light were recorded. 
The imaging system with data acquisition software developed by Dr. V. 
Kalatsky (VK Imaging, Houston, Texas, USA) acquired frames at the rate 
of 30 frames per second. Binning by 2 × 2 pixels spatially allowed 
storing frames as 512 × 512-pixel images. 

Fig. 1 provides details of separation of the optical signal from the 
background signal (Fig. 1A). With a continuous-periodic stimulation 
with continuous acquisition paradigm, where Fourier transform is used 
to isolate the optical signal, the signal is extracted at the stimulation 
frequency (1 rotation per minute, or 0.0167 Hz in our case). The last one 
is chosen to stay safely from the low- and high-frequency bands of the 
physiological noise such as vasomotor signal (0.05–0.1 Hz), respiration 
rate (0.3–1 Hz), heart beat (2–5 Hz), and nonperiodic slow variation of 
the baseline due to the state of the subject (time scale is 1 min and up) 
(Kalatsky and Stryker, 2003). To remove the slow variation (Fig. 1B), the 
response was time averaged over a window of one stimulus cycle by the 
sliding-window analysis. Then the obtained trend was subtracted from 
the response (Fig. 1C). Fourier decomposition was performed on the 
detrended signal for each single pixel (Fig. 1D) to retrieve the amplitude 
and phase component of the signal. (The latter was used for construction 
of orientation preference maps, not demonstrated here but shown 

further in Figs. 2 and 3). The scalar product of the detrended signal on 
the reference signal (sinusoid) at the frequency equal to the double 
frequency of visual stimulation (the second harmonic) was computed. 
The obtained value corresponded to a neurons’ selectivity for a given 
pixel. The values were joined for all pixels in the imaged area (dot 
product, in the complex plane). As a result, we obtained orientation 
selectivity (amplitude) maps (Fig. 1E). The orientation strength map was 
contaminated by two artifacts. The first artifact was related to unequal 
illumination of different cortical loci while the second one was due to 
the presence of very slow vasomotion waves. To remove the first artifact, 
all images (frames) were averaged and the averaged map was obtained 
(Fig. 1F). The raw map (Fig. 1E) was divided by the averaged map 
(Fig. 1F). As a result, the normalized map (Fig. 1G) was obtained where 
artifacts related to unequal illumination were removed. Finally, to 
remove artifacts related to vasomotion waves, we used the fact, that the 
very slow vasomotion waves correspond to spatial low frequency com-
ponents while cortical functional modules correspond to high frequency 
components (Mayhew et. al., 1996), the images were low-pass and 
high-pass filtered in space (a low-frequency filter with a radius of 63 µm 
and a high-frequency filter with a radius of 630 µm). As a result, the 
orientation amplitude map was obtained (Fig. 1H) which was further 
analyzed. Response amplitudes in our experiments represent ΔR/R 
values (where R is light-reflected), similar to Craddoc et al. (2023). 

Data were collected during one hour of continuous stimulation. As 
our previous experiments showed, maps recorded over a period of more 
than one hour could show some instability (Shumikhina et al., 2018). 
Thus, some processes occurring after one hour of stimulation could 
interfere with effects of the bolus propofol injection and hence were 
avoided by limiting the data collection period to 1 h only. In each cat, 
tests with one of the used bolus doses began in several hours after 
administration of propofol bolus for tracheal intubation, i.e., after 
completing surgical procedures and preliminary tests using optical im-
aging. A bolus dose of propofol (2, 3 or 4 mg/kg) was injected to the 
animal after control orientation maps were generated during 12 cycles 
of stimulation. Higher propofol bolus doses we did not use as a stronger 
suppression of cortical activity may not allow to record reliable maps. 

2.4. Analysis of imaging data and statistics 

Recordings accumulated during one hour were subdivided in 5 parts 
(epochs of analysis) each 12 min long. The signal was analyzed for a 
period of 10 min (cycles). The first and the 12th cycles for each period 
served for a construction of isoline to correct for border effects. The 
10 min time period was taken to permit a precise estimation of the ef-
fects of propofol injections in time. It was shown that reliable orientation 
maps can be acquired with stimulation of 10 min or less using the 
approach of continuous stimulus presentation and data acquisition 
(Kalatsky and Stryker, 2003) which we used in the present study. The 
first part (Map-1, 0–12 min, referred as “0 min”) was considered as a 
control. Four following parts (epochs of analysis) of one-hour contin-
uous recording included recordings obtained after bolus propofol in-
jection in 12 min (12 – 24 min, referred as “12 min”), 24 min 
(24–36 min, referred as “24 min”), 36 min (36–48 min, referred as 
“36 min”), and 48 min (48–60 min, referred as “48 min”). 

The map analysis was performed as described previously (Shumi-
khina et al., 2018). The analysis was done on a pixel-by-pixel basis in the 
region of interest (ROI). Tests were performed to localize areas 17 and 
18. As was found in electrophysiological experiments, neurons in area 
17 whose receptive fields are located within 5 degrees of the area cen-
tralis respond optimally to high spatial frequencies (0.2–3 cycles/deg, 
Movshon et al., 1978) while the optimal spatial frequency for cells in 
area 18 is between less than 0.1 and 0.5 cycles/deg (Movshon et al., 
1978). In optical imaging experiments, the values of preferred spatial 
frequencies were reported in the range of 0.274 to 1.937 cycles/deg for 
area 17 (Ribot et al., 2013, the median 0.53 cycles/deg (Issa et al., 
2000)) and < 0.274 cycles/deg for area 18 (Ribot et al., 2013, the 
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median 0.18 cycles/deg (Issa et al., 2000)). Different properties of 
neurons in these two visual areas allow to define the border between 
area 17 and area 18 (Bonhoeffer et al., 1995; Ohki et al., 2000; Fukuda 
et al., 2006; Liang et al., 2007; Rochefort et al., 2007). A new Fig. 2 
shows maps in response to different spatial frequencies. The choice of 
the region of interest (ROI) depended on several factors. The ROI was 
chosen to avoid large blood vessels seen in the vessel map (Fig. 2A). The 
cortex was stimulated with a visual stimulus of 0.2 cycles/deg (orien-
tation amplitude maps and orientation preference maps are shown in 
Fig. 2 B and D) and 0.8 cycles/deg (Fig. 2C, E). Yellow dashed lines show 
the limits of the area 18 (Fig. 2B) thus defining the border between area 
17 and 18 (Fig. 2B, C). Red (in amplitude maps) and black (in phase 

maps) rectangles mark region of interest (ROI, 110 ×200 pixels) of the 
same size in the contralateral (contr.) and ipsilateral (ipsi) visual cortex. 
The ROIs were selected symmetrically in contralateral and ipsilateral 
hemispheres (Fig. 2B, D), that is, at the approximately equal distances 
from the midline and same vertical coordinates. Because we were testing 
both contralateral and ipsilateral hemispheres for the effect of propofol, 
the ROI should include both areas 17 and 18 at the location of the 
transition zone (area 17/18 border along the vertical meridian) where 
transcallosal fibers and geniculo-cortical fibers converge (Rochefort 
et al., 2007). The strongest transcallosal activation is achieved with 
gratings of relatively low spatial and temporal frequencies (Rochefort 
et al., 2007). Moreover, interhemispheric information transfer is nearly 

Fig. 2. Selection of ROIs for a subsequent analysis. A, blood vessel pattern of the surface of imaged region shown in B-E obtained with green light (540 nm). Maps of 
orientation strength (B-C, amplitude maps) and orientation preference (D-E, phase maps) obtained with red light (630 nm) when the camera was focused 
600–700 µm below the cortical surface. B, D, maps obtained in response to visual stimulation with a spatial frequency of 0.2 cycles/deg (SF=0.2 cyc/deg). Red (in 
amplitude maps) and black (in phase maps) rectangles mark region of interest (ROI, 110×200 pixels) of the same size in the contralateral (contr.) and ipsilateral (ipsi) 
visual cortex. Yellow dashed lines show the limits of the area 18. A, anterior; P, posterior, R, right, L, left. Angle of preferred orientation is displayed in pseudocolor C, 
E, maps obtained in response to visual stimulation with a spatial frequency of 0.8 cycles/deg (SF=0.8 cyc/deg) which were used to identify the limits of area 17 
(yellow dashed lines). Red rectangles with dashed line contour in amplitude maps indicate locations of ROIs for comparison with location of ROIs on the maps 
obtained with a spatial frequency of 0.2 cyc/deg. 
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abolished at low contrasts and high spatial and temporal frequencies 
(Berardi et al., 1987). Finally, it was observed that the highest activation 
of visual cortex in optical imaging experiments is achieved with the 
spatial frequency of 0.2 cycles/deg and the temporal frequency of 2 Hz 

(Kalatsky, 2009). Also, because we studied the effect of propofol on 
amplitude maps according to cardinal and oblique orientations, the ROI 
size needed to be large enough to include at least 2–3 iso-orientation 
domains, the distance between which comprises 1.0–1.1 mm in area 

Fig. 3. Maps of orientation preference (A, phase maps) and orientation strength (B, amplitude maps) and their analysis. Rectangles mark region of interest (ROI, 
130 ×170 pixels) of the same size in the contralateral (D, F) and ipsilateral (C, E) visual cortex. G-J, orientation map composition. K-L, representation of cardinal 
(vertical and horizontal) and oblique orientations in ROI. M-N, signal amplitude at cardinal and oblique orientations in ROI. Other conventions as for Fig. 2. 
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17 and 1.2–1.6 mm in area 18 (Löwel et al., 1987; Fukuda et al., 2006). 
The analysis was conducted in MATLAB (Mathworks, Natick, Mas-

sachusetts) using custom programs. We calculated two-dimensional 
correlation coefficients between the control and four consecutive 
maps. Fig. 3 shows orientation preference (Fig. 3A, C, D) and orientation 
amplitude maps (Fig. 3B, E, F) and explains the steps of analysis of 
orientation maps in Control in one of the cats. All pixels in the ROI were 
divided into 16 bins representing 16 orientations between 0o and 180o 

with steps of 11.25o and − 5.625 - + 5.625◦ around each orientation. 
Pixels at 0◦ (0o − 5.625◦) and 180◦ (174.375o- 180◦) were joined. We 
calculated percentage of pixels at each orientation in orientation pref-
erence maps (Fig. 3G, H). Then, amplitude of the signal was assessed on 
corresponding orientations (Fig. 3I, J). Mean amplitude values were 
calculated at each of 16 orientations and the highest value in the dis-
tribution for the contralateral control (“baseline”) ROI map (where 
amplitude was slightly higher in control than in the ipsilateral map) was 
found. Normalization was done in each cat to this maximum amplitude 
value that was taken as 1: 

Amplnorm-i = Ampli * 1 / Amplmax, 
where Ampi is the mean amplitude value at each orientation, 

Amplmax is the maximum mean amplitude value at one of 16 orienta-
tions in the contralateral control (“baseline”) ROI map. Normalization is 
a method that is used by many investigators including those who 
analyzed results of optical imaging experiments (Bonhoeffer et al., 1995; 
Dragoi et al., 2001; Basole et al., 2003; Fukuda et al., 2006; Ribot et al., 
2013). Normalization removes interindividual variations and allows to 
directly compare results of different cases. 

Cardinal bias (CB) was estimated from orientation distribution his-
tograms as suggested by Coppola and White (2004): 

Cardinal bias (%) ¼ 100×[cardinal pixels/ (cardinal pix-
elsþoblique pixels)]¡50. 

Cardinal pixels (representing horizontal and vertical orientation 
preferences) included 0◦ (0o-5.625◦)− 22.5◦, 78.75◦-101.25◦, and 
157.5◦-180◦ (174.375o-180◦), while oblique pixels included 33.75◦- 
67.5◦ and 112.5◦-146.25◦. Thus, an equal number of bins (eight) was 
devoted to both cardinal and oblique pixels (Fig. 3K, L). Amplitude at 
cardinal and oblique orientations also was estimated (Fig. 3M, N). 

Measurements of changes in each consecutive image within each 
experiment were compared to the first acquired map at the same pixels. 
Statistical calculations were done in MATLAB and also with the GB- 
STAT program (Dynamic Microsystems, USA). 

The nonparametric Newman–Keuls’ Multiple Comparisons test (N-K 
test), Wilcoxon Rank Sum/Mann-Whitney U test (U test), and Kruskal- 
Wallis One-Way ANOVA test (K-W ANOVA test) were used to evaluate 
differences among groups. The data are presented as mean ± standard 
error of the mean. Two-tailed t-test was used where appropriate. 

3. Results 

Altogether, 18 ROIs from 9 cats (2 ROIs for each cat, one in the 
contralateral hemisphere and another one in the ipsilateral hemisphere) 
were analyzed. Four cats out of 9 cats used in this study were also used in 
the experiments described in the previous paper (Shumikhina et al., 
2018). As was explained in the “Materials and Methods” section 2.4, we 
evaluated modifications of orientation maps at different time intervals 
in 12 min (12 – 24 min, referred as “12 min”), 24 min (24–36 min, 
referred as “24 min”), 36 min (36–48 min, referred as “36 min”), and 
48 min (48–60 min, referred as “48 min”) after propofol bolus injections 
at different doses (2, 3, or 4 mg/kg, 3 animals in each group). The first 
part (Map-1, 0–12 min, referred as “0 min”) was considered as a control. 

It has been shown that propofol decreases cerebral oxygen con-
sumption (Marik, 2004) and thus leads to a decrease of the expired CO2. 
The common normal physiological parameters maintained during ex-
periments in anesthetized cats are reported in the range 180–220 
beats/min for the heart rate (Gillis et al., 1983; Bardy et al., 2006) and 
3.7–4.0% for the expired CO2 (Bardy et al., 2006; Ribot et al., 2013; 

Meng et al., 2018). Our control parameters were in the same range. 
Average values for heart rate were 181.2 ± 0.65 beats/min and 4 
± 0.03% for the expired CO2. We observed a decline of these physio-
logical parameters because of propofol bolus injections. However, no 
significant differences for all time intervals were revealed. We also 
calculated cross-correlation coefficients between CO2, heart rate and 
amplitude values and found that the correlation coefficients were very 
low. 

3.1. Effect of bolus propofol injection on amplitude map: typical examples 

An example of the effect of bolus propofol injection (dose 3 mg/kg) 
on orientation selectivity maps of a cat primary visual cortex (cat-27) is 
shown in Fig. 4. This injection decreased the concentration of CO2 in the 
expired air from 3.9% to 3.6% (7.7% difference in 7 min after bolus 
injection). The concentration of CO2 in the expired air returned to 
control values in 14 min after injection. Heart rate declined more 
strongly, from 222 to 171 beats/min (difference 23% in 12 min after 
bolus injection). The heart rate recovered by 44 min after injection. 
Correlation coefficients between the control contralateral map and maps 
recorded 12 min and 24 min later tended to be lower by 11–12% (0.89 
and 0.88, respectively) and did not show recovery (Fig. 4A, C). Corre-
lation coefficient between amplitude distributions at different orienta-
tions in the contralateral visual cortex (Fig. 4B) decreased by 17% for 
maps recorded 12 min apart (correlation coefficient was 0.83). For 
distributions at longer time intervals, the values are: 0.85, 0.88, and 
0.91. Correlation coefficients progressively recovered for maps recorded 
24–48 min apart (linear fit, r = 0.99, p = 0.0003, Fig. 4D). Fig. 4E 
shows the distribution of amplitude values at cardinal and oblique ori-
entations for all time intervals. The y-axis represents the sum of 
normalized amplitude values over all bins devoted to cardinal or oblique 
orientations at a given time interval. The correlation coefficient above 
the plot is the correlation coefficient between distributions of amplitude 
at cardinal and oblique orientations at different time intervals. There 
was a high correlation (r = 0.97) between the distributions. In this cat, 
amplitude at cardinal orientations in control contralateral maps was 
slightly higher (CB=2.1%) than at oblique orientations. The amplitude 
was decreased in 12 min after injection not equally for cardinal and 
oblique orientations. This corresponded to an increase in cardinal bias to 
3.4%. Fig. 4F shows amplitude changes in comparison with the control 
map. Immediately after bolus injection, amplitude in the contralateral 
visual cortex decreased by 21.5% (N-K test, p < 0.01). Nearly complete 
recovery was detected by 48 min after injection with an amplitude value 
comprising 94.2% from the control (not statistically significant differ-
ence between the maps was observed, N-K test, p > 0.05). 

Similar changes were noticed in the ipsilateral visual cortex (Fig. 4G- 
L). Correlation coefficients between the control ipsilateral map and 
maps recorded 24 min apart decreased by 16.6% and partially recovered 
by 48 min after injection (Fig. 4G, I). Correlation coefficient between 
amplitude distributions at different orientations (Fig. 4H) decreased by 
3–6% not showing recovery (linear fit, r = − 0.99, p = 0.008). Fig. 4K 
shows the distribution of amplitude values at cardinal and oblique ori-
entations for all time intervals. The y-axis the sum of normalized 
amplitude values over all bins devoted to cardinal or oblique orienta-
tions at a given time interval. The correlation coefficient above the plot 
is the correlation coefficient between distributions of amplitude at car-
dinal and oblique orientations at different time intervals. There was a 
high correlation (r = 0.99) between the distributions. In this cat, 
amplitude at cardinal orientations in control contralateral maps was 
slightly lower (CB=1.0%) than at oblique orientations. The amplitude 
was decreased in 12 min after injection not equally for cardinal and 
oblique orientations. As a result, no preference for cardinal versus 
oblique orientations were observed for maps recorded 12 min apart 
(CB=− 0.01%) (Fig. 4K). Fig. 4L displays amplitude changes in com-
parison with a control map. Immediately after bolus injection, ampli-
tude in the ipsilateral visual cortex decreased by 21.1%. These changes 
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Fig. 4. Changes in orientation selectivity (amplitude) maps observed at different time intervals after propofol bolus (dose 3 mg/kg) in visual cortex in one of the cats. 
Amplitude maps in contralateral (A) and ipsilateral (G) visual cortex. Amplitude at different orientations in contralateral (B) and ipsilateral (H) visual cortex. 
Correlation coefficients between amplitude maps in contralateral (C) and ipsilateral (I) visual cortex. Correlation coefficients between distributions of amplitude at 
different orientations in contralateral (D) and ipsilateral (J) visual cortex. Regression line, equation, coefficient of correlation, and the significance of linear fit of the 
data are shown on the plot. Amplitude at cardinal and oblique orientations in contralateral (E) and ipsilateral (K) visual cortex. The y-axis represents the sum of 
normalized amplitude values over all bins devoted to cardinal or oblique orientations at a given time interval. Correlation coefficients between distributions of 
amplitude at cardinal and oblique orientations are shown in the upper part of the plot. Changes in amplitude at different time intervals after bolus propofol injection 
in contralateral (F) and ipsilateral (L) visual cortex. Box-and-whiskers plots show median (horizontal line inside of the box), the mean of the data (cross inside of the 
box), the bottom and top edges of the box indicate the 25th (first quartile, Q1) and 75th (third quartile, Q3) percentiles, and "whiskers" above and below the box show 
the locations of the minimum and maximum. 
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were statistically significant (N-K test, p < 0.01). Almost complete re-
covery was seen by 48 min after injection with an amplitude value 
comprising 98.4% from the control (differences between control maps 
and maps after 48 min after injection were not statistically significant; 
N-K test, p > 0.05). 

Another example of the effect of bolus propofol injection (dose 4 mg/ 
kg) on orientation selectivity maps of a cat primary visual cortex (cat- 
23) is shown in Fig. 5. This injection decreased the concentration of CO2 
in the expired air from 4.0% to 3.8% (5.0% difference in 2–6 min after 
bolus injection). The concentration of CO2 in the expired air returned to 
control values in 18 min after injection. Heart rate declined more 
strongly, from 150 to 136 beats/min (9.3% difference in 2 min after 
bolus injection). The heart rate stayed low till 48 min after injection. 
Correlation coefficients between the control contralateral map and maps 
recorded 12 min and 24 min later tended to be lower by 18–22.5% (0.78 
and 0.82, respectively) and did not show recovery reaching only a value 
of 0.88 (Fig. 5A, C). Correlation coefficient between amplitude distri-
butions at different orientations in contralateral visual cortex (Fig. 5B) 
decreased by 81.7% for maps recorded 12 min apart. Correlation co-
efficients showed a tendency for recovery for maps recorded 24–48 min 
apart (linear fit, r = 0.85, p = 0.15, Fig. 5D). Fig. 5E shows the distri-
bution of amplitude values at cardinal and oblique orientations for all 
time intervals. The y-axis represents the sum of normalized amplitude 
values over all bins devoted to cardinal or oblique orientations at a given 
time interval. The correlation coefficient above the plot is the correla-
tion coefficient between distributions of amplitude at cardinal and 
oblique orientations at different time intervals. There was a high cor-
relation (r = 0.98) between the distributions. In this cat, amplitude at 
cardinal orientations in control contralateral maps was slightly smaller 
(CB= − 1.3%) than at oblique orientations. The amplitude was 
decreased in 12 min after injection not equally for cardinal and oblique 
orientations. This corresponded to an increase in cardinal bias to 2.0%. 
Fig. 5F shows amplitude changes in comparison with the control map. 
Immediately after bolus injection, amplitude in the contralateral visual 
cortex decreased by 45.6% (N-K test, p < 0.01). A partial recovery was 
observed by 48 min after injection (differences between control maps 
and maps after 48 min after injection comprised 27.1%) (N-K test, 
p < 0.01). 

Similar changes were noticed in the ipsilateral visual cortex (Fig. 5G- 
L). Correlation coefficients between the control ipsilateral map and 
maps recorded 12 min and 24 min apart decreased by 48.4% and 54.5%, 
respectively and partially recovered by 48 min after injection (Fig. 5G, 
I). Correlation coefficient between amplitude distributions at different 
orientations for maps recorded 12 min apart (Fig. 5H) decreased by 
47.8% showing partial recovery (linear fit, r = − 0.94, p = 0.0056). 
Fig. 5K shows the distribution of amplitude values at cardinal and 
oblique orientations for all time intervals. The y-axis the sum of 
normalized amplitude values over all bins devoted to cardinal or oblique 
orientations at a given time interval. The correlation coefficient above 
the plot is the correlation coefficient between distributions of amplitude 
at cardinal and oblique orientations at different time intervals. There 
was a high correlation (r = 0.91) between the distributions. In this cat, 
amplitude at cardinal orientations in control contralateral maps was 
lower (CB=− 3.0%) than at oblique orientations. The amplitude was 
decreased in 12 min after injection not equally for cardinal and oblique 
orientations. As a result, preference for cardinal versus oblique orien-
tations was observed for maps recorded 12 min apart (CB=− 5.1%). 
Fig. 5L displays amplitude changes in comparison with a control map. 
Immediately after bolus injection, amplitude in the ipsilateral visual 
cortex decreased by 51.1%. These changes were statistically significant 
(N-K test, p < 0.01). A tendency for recovery was observed by 48 min 
after injection (differences between control maps and maps after 48 min 
after injection comprised 40.1%). 

3.2. Dose dependency of bolus propofol injection on amplitude maps and 
interhemispheric differences 

In control maps, mean amplitude in 9 cats in the contralateral visual 
cortex was slightly higher than in the ipsilateral visual cortex (by 14.3%) 
although the difference was not significant (U test, p = 0.17). Amplitude 
changes after injection of different boluses, averaged across all cats are 
shown in Fig. 6. In contralateral visual cortex, amplitude of the optical 
signal at 12 min interval after bolus injection decreased by 21.6% for 
doses of 2 mg/kg (Fig. 6A), by 35.2% for doses of 3 mg/kg (Fig. 6B), and 
by 31.4% for doses of 4 mg/kg (Fig. 6C). The differences for all doses 
were significant (N-K test, p < 0.01). At this interval, the effect of the 
3 mg/kg bolus was greater than that of the 2 mg/kg one (N-K test, 
p < 0.05) and the effect of the 4 mg/kg bolus was greater than that of 
the 2 mg/kg one (N-K test, p < 0.01). Amplitude increased mono-
tonically at longer time intervals yet did not reach the control level in 
48 min after injection for any dose (Fig. 6A-C). In ipsilateral visual 
cortex, amplitude 12 min after bolus injection decreased by similar 
values (20.0%) for doses of 2 mg/kg (Figs. 6D) and 3 mg/kg (39.0%, 
Fig. 6E) but declined more strongly for doses of 4 mg/kg (by 41.4%, 
Fig. 6F). The differences for all doses were significant (N-K test, D, F, 
p < 0.01, E, p < 0.01 for 12–36 min and p < 0.05 for 48 min). Ampli-
tude increased monotonically at longer time intervals but did not 
recover in full in 48 min after bolus injection (Fig. 6D-F). At this interval, 
the effect of the 3 mg/kg bolus was greater than that of the 2 mg/kg one 
(N-K test, p < 0.01) and the effect of the 4 mg/kg bolus was greater than 
that of the 2 mg/kg one (N-K test, p < 0.01). 

3.3. Effect of bolus propofol injection: amplitude changes at different 
orientations 

The effect of bolus propofol injections is demonstrated also in Fig. 7 
where amplitude changes are shown at different stimulus orientations. 
As can be seen on each plot, the curves look similar at different time 
intervals (intervals are color-coded) in spite of amplitude decline, both 
in contralateral (Fig. 7A-C) and ipsilateral (Fig. 7D-F) visual cortex. High 
correlation coefficients were revealed between curves at different time 
intervals for all doses and different hemispheres, usually varying from 
0.8 to 0.9 (N-K test, p < 0.05 to p < 0.0001). For all propofol boluses, 
amplitude maximum in curves usually appeared at the same orientations 
as in control. In the control, no differences between curves in the 
contralateral and ipsilateral hemispheres were found for a dose of 2 mg/ 
kg. The curves in control for doses of 3 mg/kg and 4 mg/kg were 
significantly different (N–K test, p < 0.01). For a dose of 2 mg/kg, the 
distributions were not significantly different at the 12 min time interval 
after bolus injection. It means that administration of propofol affected 
equally both hemispheres. Curves also were similar for the 48 min time 
interval after bolus injection. For doses of 3 mg/kg and 4 mg/kg, 
amplitude values in the contralateral and ipsilateral hemispheres were 
significantly different at all time intervals (N–K test, p < 0.01). 

Amplitude changes at different orientations after different bolus 
propofol injections are further demonstrated in Fig. 8. We observed a 
large difference between cats regarding the cardinal bias. In control 
conditions, amplitude in the contralateral visual cortex was higher at 
cardinal orientations in 5 out of 9 cats with a cardinal bias varying from 
0.5 to 5.8%. In 4 other cats, the cardinal bias was negative, that is, 
amplitude was higher at oblique orientations (− 0.3 to − 3.3%). In the 
ipsilateral visual cortex, amplitude was higher at cardinal orientations in 
4 out of 9 cats varying from 0.7 to 8.4%. In other 5 cats, amplitude was 
higher at oblique orientations (− 0.3 to − 3.0%). Overall, in 9 cats in 
control condition amplitude at cardinal orientations was higher than at 
oblique orientations by 2.2% in the contralateral visual cortex and by 
0.3% in the ipsilateral visual cortex. However, the differences were not 
significant (two-tailed t-test, p = 0.51 and p = 0.96, respectively). 

There were 3 animals in each group for each dose. The analysis was 
executed independently on the positive or negative cardinal bias. In 
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Fig. 5. Changes in orientation selectivity (amplitude) maps observed at different time intervals after propofol bolus (dose 4 mg/kg) in visual cortex in one of the cats. 
Amplitude maps in contralateral (A) and ipsilateral (G) visual cortex. Amplitude at different orientations in contralateral (B) and ipsilateral (H) visual cortex. 
Correlation coefficients between amplitude maps in contralateral (C) and ipsilateral (I) visual cortex. Correlation coefficients between distributions of amplitude at 
different orientations in contralateral (D) and ipsilateral (J) visual cortex. Amplitude at cardinal and oblique orientations in contralateral (E) and ipsilateral (K) visual 
cortex. Changes in amplitude at different time intervals after bolus propofol injection in contralateral (F) and ipsilateral (L) visual cortex. Box-and-whiskers plots 
show median (horizontal line inside of the box), the mean of the data (cross inside of the box), the bottom and top edges of the box indicate the 25th (first quartile, 
Q1) and 75th (third quartile, Q3) percentiles, and "whiskers" above and below the box show the locations of the minimum and maximum. Other conventions as 
for Fig. 4. 

S.I. Shumikhina et al.                                                                                                                                                                                                                          



IBRO Neuroscience Reports 16 (2024) 224–240

234

other words, each group included animals with both positive and 
negative cardinal bias. No differences were found between amplitude 
modifications at cardinal and oblique orientations in either contralateral 
(Fig. 8A) or ipsilateral (Fig. 8C) visual cortex, except for amplitude 
changes in the contralateral cortex at the 2 mg/kg dose (Fig. 8A, K-W 

ANOVA test, p < 0.05). However, the distribution of amplitude values at 
cardinal orientations in the contralateral cortex was significantly 
different from the distribution in the ipsilateral hemisphere (N-K test, 
p < 0.05 at the dose of 2 mg/kg; p < 0.01 at the dose of 3 mg/kg, and 
p < 0.05 at the dose of 4 mg/kg). In the latter, amplitude at cardinal 

Fig. 6. Modifications of amplitude of optical signals recorded continuously for 1 h after injection of bolus dose of propofol. Box-and-whiskers plots show amplitude 
changes in contralateral (A-C) and ipsilateral (D-F) visual cortex at different bolus propofol doses. Dots represent outliers. Stars indicate significant changes in 
relation to control (*, p < 0.05, **, p < 0.01). Other conventions as for Fig. 4. 
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orientations was depressed stronger at most time intervals after bolus 
injection at doses of 3 mg/kg and 4 mg/kg. Amplitude at oblique ori-
entations was significantly lower in the ipsilateral cortex at the dose of 
3 mg/kg (N-K test, p < 0.05). 

Changes in the absolute cardinal bias values are shown in Fig. 8B and 
D. Average values for 3 cats in each group (according to 3 different 
doses) are used for the comparison for which the statistics is indicated. 
There was no significant difference between cardinal bias values within 
each group (i.e., each dose) at neither time interval, neither in the 
contralateral or ipsilateral visual cortex. No significant differences were 
observed for distributions of absolute cardinal bias values (when a sign 
of cardinal bias is not a factor) at different doses in the contralateral 

visual cortex (Fig. 8B). Significant differences were only revealed, if not 
absolute but original values (with positive and negative cardinal bias) 
were compared. In the latter case, the significant differences were 
observed between cardinal bias values at doses of 2 and 3 mg/kg (N-K 
test, p < 0.05) and 2 and 4 mg/kg (N-K test, p < 0.01). No significant 
difference was observed between distributions of cardinal bias values at 
3 and 4 mg/kg doses, when original cardinal bias values were compared. 
In the ipsilateral visual cortex (Fig. 8D), significant differences were 
seen for distributions of absolute cardinal bias values at doses of 2 and 
3 mg/kg (N-K test, p < 0.01) and 3 and 4 mg/kg (N-K test, p < 0.01). No 
significant differences were found between distributions of amplitude 
values at vertical and horizontal orientations at different doses and 

Fig. 7. Changes in amplitude of optical signals at different orientations and different propofol doses and time intervals. A-C, changes in contralateral visual cortex. D- 
F, changes in ipsilateral visual cortex. Time intervals (0, 12, 24, 36, 48 min) are color-coded. 
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between different hemispheres. 

4. Discussion 

Here, we show that a bolus dose of propofol leads to a marked 
decrease in the amplitude of optical signal in visual cortex and that this 
effect is dose-dependent. 

4.1. Dose dependency of propofol effects 

The dose dependency of the effects of propofol on cortical activity in 

vivo was reported by different investigators in studies performed mostly 
in rats and humans (Antunes et al., 2003; Logginidou et al., 2003; Dueck 
et al., 2005; Reed and Plourde, 2015). In cats, previous reports of our 
group have shown that bolus injections of a propofol leads to a 
depression of amplitude of optical signals by 40% (Bugrova et al., 2013; 
Bugrova and Bondar’, 2019). Here, we analyzed the effect of propofol 
bolus injection depending on its dose. We have found a clear dose de-
pendency of the effects. 

Single intravenous bolus injections of propofol are used for induction 
of anesthesia and for a fast deepening the anesthetic depth when needed 
on the background of a continuous infusion. In our experiments, we 

Fig. 8. Alterations in amplitude of optical signals recorded at cardinal and oblique orientations and different propofol doses and time intervals. A-B, changes in 
contralateral visual cortex. C-D, changes in ipsilateral visual cortex. A and C, amplitude distributions at cardinal and oblique orientations. The y-axis represents the 
sum of normalized amplitude values over all bins devoted to cardinal or oblique orientations at a given time interval. Correlation coefficients above the plots are the 
correlation coefficients between distributions of amplitude at cardinal and oblique orientations at different time intervals. B and D, cardinal bias values for amplitude 
changes. The statistically significant differences are indicated above the plots. 
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replicated the last condition. It means that animals already had some 
anesthetic level of propofol before bolus injections. We deepened the 
anesthesia injecting propofol bolus at different doses (2, 3, or 4 mg/kg). 

In medicine, the suggested induction propofol bolus dose for adults is 
2–2.5 mg/kg (Cummings et al., 1984; Briggs and White, 1985; Kay et al., 
1985; Reilly and Nimmo, 1987; Langley and Heel, 1988). In pre-
medicated cats, as in our case, induction doses were suggested from 3 to 
5 mg/kg (Glowaski and Wetmore, 1999; Hall et al., 1999; Weaver and 
Raptopoulos, 1990) or even from 6 mg/kg to 8 mg/kg (Morgan and 
Legge, 1989; Geel, 1991; Taboada and Murison, 2010; Taylor et al., 
2012; Griffenhagen et al., 2015). Thus, the bolus doses that we used 
were similar order considering that bolus doses in our study were 
injected on the background of a continuous infusion. 

The precise dose-response relationships are not easy to establish 
because of different experimental protocols and rather large variability 
between individual animals (Bonhomme et al., 2019). 

Optical imaging experiments are based on recordings of scattered 
light changes related to neurophysiological activity. There is a good 
correlation between the amplitude of optical signal and both spike firing 
and subthreshold synaptic potentials (Das and Gilbert, 1995). Thus, the 
method of optical imaging is useful for the evaluation of the 
dose-dependency of propofol. 

The graded dose-dependent reduction of amplitude of the optical 
signal suggests different sensitivity of various subtypes of cortical neu-
rons to the propofol action. For example, it was observed in the rat 
insular cortical slice preparation that spike firing in pyramidal (excit-
atory) neurons was more suppressed by propofol than that of GABAergic 
fast-spiking neurons. Moreover, the activity of pyramidal neurons 
decreased at lower propofol concentrations than firing of GABAergic 
neurons (Kaneko et al., 2016). 

A question of recovery after propofol bolus injection is related to the 
question about dose-dependency of propofol effects. Our previous ex-
periments have shown that orientation maps are rather stable over time 
(Shumikhina et al., 2018). Thus, there is a very small probability for 
progressive deterioration in the health of the brain to occur during one 
hour of recordings. However, as we noticed in Method section, “maps 
recorded over a period of more than one hour could show some insta-
bility (Shumikhina et al., 2018). Thus, some processes occurring after 
one hour of stimulation could interfere with effects of the bolus propofol 
injection and hence were avoided by limiting the data collection period 
to 1 h only”. As was reported by Langley and Heel (1988), the elimi-
nation half-life of propofol in dogs and cats is usually about 100 min and 
a terminal elimination half-life is 184–309 min following single doses of 
propofol. Morgan and Legge (1989) informed that cats were alert and 
able to stand in 27–38 min after induction dose of propofol. Other au-
thors (Pascoe et al., 2006), however, have found that the ability of cats 
to walk without ataxia occurs in 80 ± 15 min after anesthetic induction 
with propofol. The latter results correspond to our findings in the sense 
that recovery from propofol bolus injections may occur in 60 or more 
minutes after injection. 

The question about the possible saturation of the effect is left 
unanswered in our study. This is because of limitations of used method 
of optical imaging in the sense that higher doses of propofol bolus could 
produce a stronger suppression of cortical activity that may not allow to 
record reliable maps. Nevertheless, because we did not find a significant 
difference in the amplitude values between doses of 3 and 4 mg/kg, this 
may be attributed to a possible saturation of the effect already under the 
dose of 4 mg/kg. However, possible interindividual differences also 
should be taken into account. 

The method of optical imaging of intrinsic signals can be used for all 
species. The effect of propofol administration on orientation amplitude 
maps should be similar across species in the sense of the dose de-
pendency of the effect. However, because anesthetic propofol doses are 
different for different animals, the dependence on the dose should be 
estimated in each case. 

4.2. Interhemispheric differences 

Under monocular stimulation, the contralateral cortex receives 
crossed in the chiasm pathways from nasal part of the retina through the 
direct geniculocortical projections while the ipsilateral cortex is acti-
vated by uncrossed in the chiasm information from the temporal part of 
the retina. The proportion of crossed fibers in cats is higher (57%) than 
of uncrossed ones (43%) (Aebersold et al., 1981). Hence, it may be ex-
pected that the stimulation of contralateral pathway will give a stronger 
response. Indeed, in our experiments there was some tendency for mean 
amplitude in control maps in the contralateral visual cortex to be higher 
than in the ipsilateral visual cortex although the difference did not reach 
the level of statistical significance. However, both hemispheres 
communicate by callosal fibers (Berlucchi and Rizzolatti, 1968). 
Transcallosal pathways are limited by the transition zone between area 
17 and area 18 where the central vertical meridian is projected. The 
extent of the transition zone depends on the visual elevation (Payne, 
1990) increasing with decreasing visual elevation (Payne, 1990; Berman 
and Grant, 1992). Transcallosal fibers provide additional activation of 
the ipsilateral cortex for matching orientations (Rochefort et al., 2007) 
thus augmenting the response evoked through uncrossed pathways. 
However, composition of crossed and uncrossed pathways is different. 
The latter include mostly Y and W cells while more X cells project 
contralaterally (Stone and Fukuda, 1974) that may lead to different 
response stability in the ipsilateral and contralateral cortex. This is 
because X cells are small and have properties distinct from Y and W cells. 

While for doses of 2 mg/kg and 3 mg/kg the depression of amplitude 
in our study was nearly similar between contralateral and ipsilateral 
visual cortex, some differences were seen between them for the 4 mg/kg 
doses. For this dose, amplitude decline had a tendency to be stronger in 
the ipsilateral cortex reaching 41.4% in comparison with 31.4% albeit 
the difference did not reach the level of statistical significance (t-test, 
p = 0.28). 

4.3. Cardinal bias 

It is generally accepted that more cortical cells and thus larger 
cortical areas respond to cardinal (vertical and horizontal) orientations 
of visual stimuli, both in humans and animals (the so-called “oblique 
effect”). In cats, the effect was also described although some authors did 
not find a clear difference between cortical representations of cardinal 
and oblique angles (Hubel and Wiesel, 1962; Campbell et al., 1968; Rose 
and Blakemore, 1974). However, some authors pointed out that the 
anisotropies were seen clearly only in the foveal region (Leventhal and 
Hirsch, 1977; Kennedy and Orban, 1979; Orban and Kennedy, 1981). 
Thus, the results would depend on the location of ROIs. In our experi-
ments, we were concentrated not on the orientation preferences but on 
amplitude changes at different orientations. Yu and Shou (2000) shortly 
reported that cardinal stimuli evoked greater intrinsic optical signals in 
comparison with responses evoked by oblique stimuli in cats but no 
details were provided. In general, our data are consistent with the above 
findings. However, we found only slight differences between amplitude 
values at cardinal and oblique orientations in control condition. After 
propofol bolus injection, the distribution of amplitude values at cardinal 
orientations in the contralateral cortex was significantly different from 
the distribution in the ipsilateral hemisphere. In the latter, amplitude at 
cardinal orientations was depressed stronger at most time intervals after 
bolus injection at doses of 3 mg/kg and 4 mg/kg. However, we had 
limited sample sizes. 

Propofol should similarly affect the amplitude values at cardinal and 
oblique orientations in different species because of a common design for 
the layout of orientation columns (Kaschube et al., 2010) in spite that 
some animals (for example, tree shrews and galagos) lack orientation 
columns. The question of anisotropy in the amplitude values at cardinal 
and oblique orientations may need a further investigation. 

Overall, because cortex activity is greatly affected by bolus propofol 
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injections it is not recommended to continue data collection immedi-
ately after bolus injections. 
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