ELSEVIER

Neuroscience Letters xxx (2018) xxx-xxx

Contents lists available at ScienceDirect

Neuroscience Letters

journal homepage: www.elsevier.com

Research article

Recurrent inhibition in the cerebral cortex

Javier Béjar-Alonso?, Guadalupe Martinez-Lorenzana®, Abimael Gonzélez-He ez ™lises Cortes?,

Miguel Condés-Lara® !

@ Computer Science Department, Universitat Politécnica de Catalunya, Spain
b Departamento de Neurobiologia del Desarrollo y Neurofisiologia, Instituto de Neurobiologia, Universidad Nacional Auténom 0, C UNAM Juriquilla, Querétaro, Mexico

ARTICLE INFO

Keywords:

Nociception

Cortical evoked potentials
Unitary activity

Cortical control

ABSTRACT

Neuronal activity can be modulated by eddogenoughcontrol mechanisms that either facilitate or suppress it.
With this idea in mind, we attempted togeévaluate and\correlate spinal neuronal activity with the amplitude of
corticogram (ECoG) event related pot S ]
ated the ERP in response to noxiougfstimuli, € enous analgesic actions, different frequencies, and hetero-

activated by noxious stimuli. Co: i enabled us to establish correlations between the amplitude of
ERP and neuronal firing of cell, i rsal horn.

A recurrent inhibito,
ing electrical or mag

This study aims t
mation.

is proposed that could explain the suppression of pain perception dur-
ial stimulation, as well as during heterotopic stimulation.
cal recurrent inhibitory cortical action that could modify the sensory infor-

1. Introduction

ably during the sleep-wake cycle or in the presence of painful stimuli

[1].

It is well recognized that the cerebral cortex is t in The transformation of environmental or internal stimulation starts
the integrative process of sensory perception. This pro is only pos- at the sensory receptors and is carried to the spinal cord in the first re-
sible because the central nervous system contains trol sys- lay of sensory information. Neurons in the dorsal portion of the spinal
tems located along the sensory pathway and i tures. The cord are involved in nociception and are a primary target of the de-
controls of neuronal activity flux have varyi els of complexity in scending anti-nociceptive control systems. This particular condition
terms of transduction, codification, and tra and involve both makes the spinal dorsal neurons an interesting population for studying
excitatory and inhibitory processes. T ator'and inhibitory incoming sensory information and the changes produced by facilitator
control processes have been studied extesively, yetthey have not been and inhibitory nociceptive processes [7-10].
fully explored. Cerebral cortex activity alyzed using aver- In this context, our paper seeks to establish a correlation between
ages of evoked activities [1] spect the electroencephalo- sensory input (evaluated by recording single neurons in the spinal
gram [2,3], or the sources of cort [4-6]. Moreover, the am- cord) and cortical evoked potentials (evoked by nociceptive stimula-
plitude of evoked activity in the htiman cerebral cortex varies consider- tion). Additionally, both spontaneous and sensory-evoked cortical ac-

tivities were used to evaluate a suppressive cortical process inhibiting
incoming sensory information. First, we electrically stimulated the par-
aventricular hypothalamic nucleus, which has been reported to reduce
sensory activation of nociceptive fibers that innervate spinal cord neu-
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Fig. 1. Raw mean averaged of 20 ERP to nociceptive RF stimulations are shown. In 1A,
mean averaged potentials in the control situation; in 2B, after electrical stimulation of the
PVN; and in 2C, 10 min after PVN stimulation. In 2, the mean and standard deviation of
ERP produced by the RF stimulation before (shown in 2A) and after the raphe magnus le-
sion in 2B. Notice the amplitude of the ERP in 2A and the enhancement of the ERP in 2B
resulting from the raphe magnus lesion. This figure illustrates the utility of ERP in the
evaluation of inhibitory mechanisms (1) and the effects of the suppression of an in-
hibitory mechanism (2).

rons [11-13]. Next, to evaluate how cortical action regulates inco:
sensory activity, we used computational tasks to assess the electr@cor-
ticogram (ECoG) amplitude and compare it with sensory input, which
was considered as dorsal horn neuron responses to receptive field (
electrical stimulation.

2. Material and methods

(23 + 3°0).

All experimental procedures followed th
tions of the Instituto de Neurobiologia, IASP.
Guide for the Care and Use of Laboratog
NIH, and ARRIVE guidelines for repor
mals [15]

One hundred and forty-nine ley or Wistar rats,
weighing between 280-310 g, were anaesthetized in a hermetic box
with a mixture of 3.5% Sevoflur or Halgtane in a mixture of 1/3
oxygen and 2/3 nitric oxide, s of reflex, the rats were
tracheotomized to deliver arti respiration. The rats were main-
tained with artificial respjsati out the experimental sessions.
The rats were later place stereotaxic apparatus using a spinal
cord frame to fix the he pinal cord at the L2-L5 level. Two
trephines at 9 mm AP, 4 mm Ejand 3 mm AP, 4 mm L according to the
Paxinos and Watso; ] stereptaxic atlas, were drilled in the skull to
enable the ECoG recor two silver balls. For the ECoG, filters
were set between 0 to 300 Hz. Additionally, a laminectomy was per-
formed to record from the L4-L5 spinal cord neurons and to reach the
neurons receiving afferent input from the left lower limb. The data
came from 149 rats (Sprague Dawley and Wistar) used in another se-
ries of experiments, in which we reported the effects of electrical stim-
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avera e! of raw (20 RF stimulations) ERP during the increase in frequency
. Thedaveraged ERP for 0.2, 0.5, 1 and 2 cps is illustrated. Notice the reduc-
en the stimulation frequency increases. In 2, the mean averaged of raw
pic (upper and lower limbs) stimulation is illustrated. Arrows show the
of the RF electric stimulation located in the lower limb, and arrows with * show the
onses for upper limb stimulation. The interval between stimulation of the lower
limbs was reduced, and a partial diminution was observed in the upper limb
RP when the interval was approximately 1s. Moreover, when the interval between the
ulation was 200 msec, the response for the upper limb was absent (in 3).

ation of the paraventricular hypothalamic nuclei [8,17,18] on spinal
cord neuronal responses. In these series of experiments, a concentric
stainless-steel electrode (30 pm tip, 120 pm separation) was placed in
the PVN in accordance with the stereotaxic atlas of Paxinos and Wat-
son [16]. The electrode was located in an area between 2.1 and 1.6
mm caudal to bregma, 0.45 mm lateral to the midline, and 8.0 mm
deep. In 6 experiments [17], a concentric stimulating electrode was
placed on the raphe magnus (RMg) nucleus in order to compare the
analgesic power between PVN and RMg. After surgery, the level of
halothane was lowered to 2% to achieve an adequate level of anesthe-
sia, which was continuously controlled by the presence of ECoG slow
wave activity.

2.1. Recording procedures

Spinal cord extracellular unit recordings were made with 8-12 MQ
glass microelectrodes filled with pontamine blue at 5% in 1 M KCl solu-
tion. The electrodes were mounted in a microelectrode drive and were
lowered into the spinal cord until they reached a stable level of neu-
ronal activity. The specific receptive field [8,10,11,18] was located
through gentle tactile stimulation (taps) until an activated neuron was
found. Then, a pair of stainless steel electrodes was placed into the RF,
and the intensity of electrical stimulation was increased to observe ac-
tivation of A-beta and C-fibers in the recorded cell. The electrical stim-
ulus consisted of single pulses of 1 msec at 0.2 Hz with intensity be-
tween 100 and 300 pA. As a general rule, we used the first 20 control
stimulations for analysis. Wide dynamic range (WDR) neurons were
identified by their responses to innocuous and noxious (strong pinch)
mechanical stimuli and provided responses to A-beta and C-fiber stimu-
lation applied to their excitatory RF on the left hind paw. Microelec-
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In A, the frequency rate of RF stimulation was 0.2 cps and in B it was 0.5 cps. Notice that
shown in A3 and B3. It is important to note that incoming spinal cord activity is not relat

th

1,

trode signals were amplified, filtered, digitized, and discriminated
CED hardware and Spike-2 software (Cambridge Electronic De
Version 5.16). Waveforms of ECoG and recorded spike activitj
stored on a computer disk for off-line analysis.
In the present study, we analyzed evoked responses i

the effects of the
provoked by stimu-

spinal cord activity coming from the lowe
tion were recorded, but in this seri
lower limb electrical acti-
e laminectomy was per-
e field. In fact, the main
oked activities with different
like we did with the sponta-

vation. It is important to note
formed for recording the low
point of this maneuver was to h;
intervals and compare thei

rate of more than 256 Hz. All the re-
-sampled; we discarded all the experi-
ments with a samplin, 256 Hz and resampled all the experi-
ments with higher sampling to that rate using a polyphase filter. This
filter first upscales the signal by a factor of 10, subsequently filters the
signal using a zero-phase low-pass FIR filter, and later downscales the
signal by a factor of 10 times the ratio between the original signal and
the signal at 256 Hz.

ord neuron with RF. In A, notice the amplitude of ERP in the 3° stimulus
the ERP in 1 and 2 and the reduction in 3 and 4 during the slow waves.

Data from all experiments were normalized to a mean of zero and a

it standard deviation to have a unique criterion for identifying activ-

peaks in the ECoG. For each experiment, the mean and standard de-
viation of the whole signal were computed and the data were trans-
formed by subtracting the mean and dividing by the variance (z-stan-
dardization) so that the data of all the experiments conformed to the
same distribution with a mean of zero and a standard deviation of one.
This allowed us to have a unique criterion for identifying activity peaks
in the ECoG.

This procedure homogenizes all the experiments and enables us to
compare the experimental ECoG signals.

From each experiment, a series of 20-recorded events obtained in
response to electrical stimulation of the receptive field were used (see
recording procedures). Each event was extracted from the experiments
by defining a window 1500 ms previous to the electric stimulation of
the RF and a post-stimulus window of 500 ms after stimulation. The
post-stimulus window used in the study was reduced by eliminating the
first 35 ms to account for a latency period in the ECoG response and to
avoid artifacts produced by electrical stimulation.

The post-stimulus window allows us to classify the event related po-
tential (ERP) into three groups taking into account their amplitude: the
POSITIVE events were those for which an ERP was present in response
to the RF stimulation with no pre-event peak (see Fig. 4A1); the NEGA-
TIVE events were those for which no ERP was present with a pre-event
peak (Fig. 4B1); and the INTERMEDIATE events were those for both an
ERP and pre-event peaks were present (Fig. 4C1). The analyses were
divided according to the time of occurrence of the pre-event peak, and
only the peaks that occurred 1500 ms before the stimulus were consid-
ered. These peaks were divided into periods as follows: events that oc-
curred 1500 ms to 1000 ms before the stimulus, events that occurred
between 1000 and 500 ms before the stimulus, and events that oc-
curred 500 ms before the stimulus. This classification allows us to de-
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f the three classes of events: POSITIVE (A), when the ERP was present; NEGATIVE (B), when the ERP was blocked by the presence of sponta-
neous activity in the cor EDIATE (C), when both spontaneous activity and the ERP were present. Column 1 plots the data obtained with only the specific RF stimulation
and column 2 presents the re: ing the heterotopic stimulation of specific RFs in the lower limb and the stimulation in the upper limb. The left side of columns 1 and 2 represent
the pre- and post-event peaks in time (from 1500 ms before the event to 500 ms after). A dashed line connects the values of the pair of peaks for each individual event. The right side of
the plot represents the joint distribution of the standard deviation values of the peaks.In A1, B1, and C1 the upper graph shows the events before 1500 to 1000 msec, the graph in the
middle is for the events in the window between 1000 to 500 msec, and the lower graph is for the events between 500 msec and the time of RF stimulation (see METHODS section).
Notice that when the events were less than 2 Standard Deviations, the ERP were present (A1), but if the events preceding RF stimulation were higher than 2 SD an important reduction
in the ERP were observed. In addition, a considerable amount of ECoG events with more than 2 SD did not modify the ERP (C1). The abscissas in the left columns in 1 and 2 have time

Fig. 4. Plots of the automatic detecti
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from —1.5 s before the RF stimulation at time 0 and 0.5 s after the RF stimulation. The ordinates for all the graphs show the amplitudes in SD from the EEG basal activity. The right
columns in 1 and 2 display the SD of previous ECoG activity to RF stimulation in the ordinates and the SD of the amplitude of the ECOGr in the abscissas.
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Fig. 5. Histograms of the mean amplitude and standard d
MEDIATE and NEGATIVE ERP. In the lower row the me;
relation to the three temporal windows (1500 to 1000, 100
lus). The comparison between POSITIVE vs INTERMEDIA
nificant at level of <0.001.

ATIVE events is sig-

tect time differences related to the pre- ith the evoked po-
tential amplitude values.
tence of a pre-event peak
deviations above or be-
ak was considered if the
indow exceeded 1.5 standard devia-
he threshold was 1.5 standard
ly applied. However, this criterion was

erage noise observed in the signal

was defined using a threshold o
low the signal average. In o
maximum of the signal inside a
tions over the mean. Next
deviations and was autom:
defined visually accor

of the experiments.

2.2. Statistical analysis

A comparison between the distribution of maximum values of the
peaks post-event was performed. The comparison was made between
POSITIVE vs NEGATIVE or POSITIVE vs INTERMEDIATE events in the
intervals of 1500-1000, 1000-500 and 500-0. A two-sided Kolmogorov-
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Fig. 6. Distribution of the discharge frequency of spinal cord neuron responses to noci-
ceptive stimulation of RF. A) shows the values for the POSITIVE events, B) shows the dis-
tribution for the NEGATIVE events, and C) for the INTERMEDIATE events. The statistical

comparison between POSITIVE and NEGATIVE or INTERMEDIATE were non-significant.

Notice that the inputs to the spinal cord were similar in all the situations.

Smirnov (K-S) test was computed to determine if their individual distri-
butions come from the same original distribution. Additionally, a two-
sided K-S test was used to compare the frequency rate of single unit ac-
tivity between POSITIVE vs NEGATIVE and POSITIVE vs INTERMEDI-
ATE events.
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2.3. Histological controls

At the end of the experiments, the recording sites were marked by
electrophoretic deposition of pontamine sky blue, and the position of
the stainless-steel tip in the PVN was marked by an electrolytic lesion
made with direct current. The lumbar spinal cord and the brains were
removed and fixed by immersion in a 10% formaldehyde solution for
72 h and later soaked in a 30% buffered sucrose solution for 48 h. Sam-
ples were frozen, cut into serial 40-um sections, and Nissl-stained with
cresyl violet. PVN electrolytic lesions were reconstructed from camera
lucida drawings of serial sections.

3. Results

Electrical stimulation of the hypothalamic paraventricular nucleus
of the hypothalamus reduced activity of A-Delta and C-nerve fibers, as
well as, reduced the post-discharge of primary afferent fibers arriving
at the spinal dorsal horn wide dynamic range (WDR) neurons, as has
been shown elsewhere [8,12,13,18]. The averaged events related po-
tentials (ERPs) associated with nociceptive electrical stimulation are
also temporally reduced, as Fig. 1A and B illustrates. Moreover, elec-
trolytic lesions of the nucleus raphe magnus increased the evoked ERPs
due to the elimination of the suppressive effect of the raphe magnus
nuclei. This result is also illustrated in Figs. 1 and 2A and B. With fre-
quencies of 0.2, 0.5, 1 and 2 Hz to nociceptive stimulation of the recep-
tive field; the ERPs amplitude is decreased as the frequency rate in-
creased (Figs. 1 and 2). The ECoG recording allowed us to observe the
evoked potential related to electrical nociceptive stimulation of the left
forepaw and lower paw, and in this situation, we performed paired
stimulations. The ERP provoked by the forepaw and lower paw electric
stimulation did not have the same amplitude, but when we reduced the
interval between stimulations, the second response from the pai
stimulus was reduced. Intervals of 1.0 s reduced the second evoked re-
sponse, and intervals of 200 msec between the paired stimuli produeed

in Figs. 2 and 3.
During the ECoG recordings, we observed that when a
high-voltage activity was presented before the expectede

With these preliminary observations, we decidéd to use an auto-
matic procedure to detect high-amplitudejsignal. the ECoG before
electrical stimulation of the RF.
tion between the incoming senso easured as the frequency

tude of the ERP. As de-

t, which was later correlated
ciceptive stimulation. Using this crite-
of 924 RF stimulations, 579 were
tivity did not alter the ERP (Fig. 4A1),
89 were NEGATIV. ceding activity had more than 2.5 SD
and suppressed the ER . 4B1), and 256 were INTERMEDIATE
when the preceding ECoG activity had more than 2.5 SD and the ERP
remained (Fig. 4C1). In the left column of Fig. 4, the POSITIVE results
are illustrated in A, NEGATIVE in B, and INTERMEDIATE in C. In other
words, the amplitude of the ERP was drastically reduced (below the

tivity to detect an elect
with the ERP produced,

POSITIVE when th

Neuroscience Letters xxx (2018) xxx-xxx

1.5 SD threshold) when a preceding event was detected for the NEGA-
TIVE events, but also, a significant reduction in the ERP was observed
in the presence of INTERMEDIATE events. Nevertheless, the ERP dur-
ing the INTERMEDIATE events was higher t the threshold of 1.5
standard deviations. The aforementioned re were observed in
1000, 1000 to 500
ts are shown in Fig.

distributions had the
post-hoc analysis us-

, so the means were not differ-
-value of the test was 0.89, so the

events the p-value of t
ent. For the NEGATIVE

vals.

ulation of the RF), 530 were classified as POSITIVE,
ed as NEGATIVE, and 236 were classified as INTERME-

00 ms offthe post-event window was determined and the main re-
e activation of the spikes generated by the nociceptive stimulus
were ‘e€ompared as follows: the spikes generated during the POSITIVE
vents were used as a reference (i.e., as a control value) and were com-
red with the other two NEGATIVE and INTERMEDIATE classes.

A two-sided Kolmogorov-Smirnov (K-S) test was performed to de-
termine if the distribution of spike frequencies for the NEGATIVE and
INTERMEDIATE events was generated from the same distribution as
the POSITIVE events. The K-S test had a p-value of 0.35 for the NEGA-
TIVE events and a p-value of 0.18 for the INTERMEDIATE events.
Therefore, in all cases the distributions were the same, meaning that
the input conditions (considered as the number of action potentials in
the recorded spinal cord cells) for all experiments were equivalent.
Also, considering that we were performing multiple tests, we per-
formed a Bonferroni correction for the significance of the p-value. In
this case all the p-values were not significant, and the single units
recorded during the different conditions were similar.

These results are illustrated in Fig. 6.

4. Discussion

The primary results are as follows: the ERP obtained in response to
RF nociceptive stimulation is related to the inhibitory action of PVN
stimulation, as well as to the lesions of inhibitory structures, such as
the RMg. There is an important relationship between the amplitude of
ERP and the preceding spontaneous or evoked ECoG activity. The sig-
nificant relationship between the previous high ECoG activity and the
reduction in the ERP is not correlated with the sensory input, which is
evaluated as the frequency rate of spinal dorsal horn neurons in re-
sponse to the same noxious stimulus. The reduction in the ERP was ob-
served during the frequency stimulation (Figs. 1 and 2) of 0.5, 1, and 2
cps when the responses were compared with those obtained at a fre-
quency rate of 0.2 cps. Interestingly, when we used heterotopic stimu-
lation with electric paired pulses at the fore and lower limbs and the
interval between stimulations was less than 1 s, we observed a reduc-
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tion in the second response, which reached the total diminution of the
second ERP when the interval was between 1000 msec and 200 msec.
These results are in agreement with our hypothesis that a cortico-corti-
cal inhibitory control is responsible for the reduction in the second re-
sponses.

The ECoG activity recorded in our experiments originates from a
wide region of the sensory-motor cortex, which enabled us to both de-
lineate an extended portion of the cortex and record the ERP related to
nociceptive stimulus in both the upper and lower arms due to their
close cortical representation.

Neuroscience Letters xxx (2018) xxx-xxx

measured at the spinal cord level neuronal discharge and the amplitude
of the ERP was always direct. It is required to take in account the pre-
vious activity to a sensory stimulation in order to evaluate sensory per-
ceptions. A cortico - cortical inhibitory syste
participate in the effects of transcranial eleétric
tion.

is proposed that could
magnetic stimula-
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