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Abstract
We have described the electrophysiological properties of the Extracellular Action Potential (EAP) 
picked up through Microelectrode-Recordings (MERs) from four patients operated under general 
anaesthesia at Postero-Medial Hypothalamus (PMH) by Deep Brain Stimulation (DBS) for erethism. 
EAPs from the same cell were pooled to obtain a mean EAP (mAP). The amplitudes and durations 
for all 2/3 phases were computed from the mAP, together with the maximum (dVmax) and minimum 
(dVmin) values of the first derivative. mAPs are denominated according to the phase polarity (P/N for 
positive/negative). We obtained a total 159 mAPs, all of them positive and a clear majority triphasic 
(89.9%) with a small P/N deflection (V1) before depolarization. The percentage of the different 
types of mAPs was surprisingly similar to that described recently at thalamus and although were 
some properties as peak-to-peak amplitude or overall duration. We observed a high correlation 
between absolute amplitude of the first phase (V1) and the amplitudes of either depolarization (V2) 
or repolarization (V3) phases, meaning that a causal relationship between them probably exists. We 
postulate capacitive current as responsible for V1, although it’s difficult to explain the appearing of 
the same polarity for the capacitive voltage and for the voltage induced by transmembrane ionic 
current.

Keywords: Agglomerative method; Aggressiveness; Capacitive current; Deep brain stimulation; 
erethism; Microelectrode recordings; Sorting spikes

Introduction
Erethism describes severe cases of unprovoked aggressive behaviour, usually associated 

with some degree of mental impairment and gross brain damage [1]. The etiology can be due to 
perinatal insults, brain malformation, postencephalitic, posttraumatic or epileptic and usually is 
accompanied by hyperkinesia, self-aggressiveness and destructiveness of objects. Patients usually 
need to be institutionalized and managed with major restraining measures. A successful surgical 
treatment initially was the posteromedial hypothalamus [1,2]. Deep Brain Stimulation (DBS) at 
Posteromedial Hypothalamus (PMH) has widely replaced the ablative procedures because the 
clinical benefits appear to be similar, but the treatment can be titrated and is also reversible, with a 
low risk of complications [3-6].

The human hypothalamus is a complex structure composed of different nuclear groups [7]. 
However, in general, there are no anatomical landmarks to identify a nucleus at the millimetric 
range. Nevertheless, the identification of hypothalamic nuclei is particularly important to obtain 
a good functional outcome in Deep Brain Stimulation (DBS) to optimize battery life and decrease 
secondary effects, especially considering that very sensible nuclei related to arousal, circadian 
rhythm or hormones-release are very close. So little is known about the electrophysiological 
properties of hypothalamus [5,8] and nothing about the features of Extracellular Action Potentials 
(EAP) obtained from this structure.

Microelectrode Recording (MER) is a useful tool used during DBS surgery to identify deep brain 
nuclei [9-11]. When surgery is performed in thalamic, subthalamic or globus pallidus, in addition 
to MER, other physiological tests can be performed to identify nuclei, such as cellular responses to 
voluntary or passive movements, tactile stimulus or paraesthesia induced by electrical stimulation 
[12-14]. However, in hypothalamus these stimuli are not useful, and the only electrophysiological 
help is the electrical stimulation [3,5].

Nonetheless, most of the information obtained during MER in clinical practice is restricted 
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to the mean frequency of discharge and firing pattern (e.g., tonic, 
phasic, or more or less paused) [8,11,15-17], considering the EAP as 
a bimodal variable (present or absent) that is represented as a vertical 
line without an inner structure in binary plots, under the assumption 
that the morphology of an AP does not carry any information [18]. 
However, we have recently demonstrated that different types of EAP 
can be obtained from thalamus and the differential distribution 
could be helpful to identify specifically every structure, although this 
possibility has not been demonstrated [10].

The aim of our study was applying the same EAP analysis to 
hypothalamic MER performed in four patients treated by pathological 
aggressiveness to characterize the properties of EAP from PMH. We 
are not interested in analysis of pattern discharge.

Materials and Methods
Patients

We studied 4 patients undergoing DBS treatment at PMH 
for intractable aggressivity (Table 1 for clinical information). The 
experimental procedure was approved by the medical ethics review 
board of the Hospital Universitario de La Princesa and was deemed 
“care as usual”. Under these circumstances, written informed consent 
was not required because all procedures were done by clinical 
necessity and analysis was off-line.

Surgical procedures
All the patients were operated on while under general anaesthesia 

using propofol (5.48 ± 0.28 mg/kg/h, (4.5, 6.2)) and remifentanil 
(0.12 ± 0.02 µg/kg/min, (0.1, 0.2)), maintaining a bi-spectral index 
between 40 and 45. Neuromuscular blockade during intubation was 
accomplished with cisatracurium (0.5 mg/kg).

The hypothalamus was identified using a 1.5 T magnetic 
resonance imaging (MRI, General Electric®, Fairfield, CT, USA), and 
the coordinates were located stereotactically with a neuronavigator 
(BrainLab®, Feldkirchen, Germany). The coordinates were calculated 
by fusing the MRI image and computed tomography scan according 
to the Schaltenbrand-Wahren map (SW [19]). For thalamic DBS 
electrode placement, a tentative initial target was selected in the 
posterolateral hypothalamus according to the Sano’s triangle 
(x=2, y=0, z= -2). All the coordinates (in mm) refer to the mid-
intercommissural AC-PC line (Anterior Commissure-Posterior 
Commissure). Neuronal recordings (Leadpoint®, Minneapolis, 
MN, USA) were obtained beginning 10 mm above the target and 
progressing in steps of 0.5 mm. MERs (FHC®, Maine, USA) were 
obtained until 2 mm below the theoretical target. Impedance was 
always above 900 kΩ (1696 kΩ ± 80 kΩ, (900, 2900)).

MERs were obtained through 3 to 4 microelectrodes separated 
by 2 mm. A microdrive was fixed to a stereotactic Leksell Coordinate 
Frame (Elekta®, Stockholm, Sweden). The bandwidth for spontaneous 
activity was 200 Hz to 5 kHz, with a sample rate of 24 kHz. The notch 
filter was off. PMH region was identified by MER and response 
to electrical stimulation [3,5]. After the PMH was identified, a 
quadripolar DBS electrode was implanted (Figure 1A), with a 
programmable stimulator placed in a pectoral or abdominal location.

The reconstruction of the trajectory was described in detail 
elsewhere [14]. Anteroposterior and lateral coordinates were 
obtained from the post-op MRI performed one month after surgery. 
Using these points and the stereo-tactic angles, we reconstructed the 
real trajectory of the electrode in a three-dimensional space in 1 mm 

intervals (Figure 1B).

Analysis of extracellular action potentials
Data were exported as ASCII files, and analyses were performed 

off-line. The recordings spanned 30 to 90 s (72 to 216 × 104 points). 
Raw recordings were digitally filtered at 500 Hz to 5 kHz using a 6th-
order Butterworth. We used zero-phase forward and reverse digital 
IIR filtering [20].

The polarity of the potentials was defined as Positive (P) 
upward and Negative (N) downward and was identified by order of 
appearance.

Algorithm for analysis:

Identification of EAPs. For every trace (Figure 1C), we computed a 

Figure 1: Clinical results and sorting for analysis of EAP. (A) Sagittal (left) and 
axial (right) MRi showing the placement of macroelectrode DBS (patient #2). 
(B) Frontal SW plate showing reconstruction of trajectory. Red dots indicated 
the location of lateral and medial microelectrodes. (C) Raw recording 
showing EAP as vertical lines of different amplitude. (D) EAP (upper row) 
and first derivative (lower row) showing the definitions of variables computed 
for sorting. (E) Clustering in different units (identified by different colors) of 
the raw trace. Only three dimensions are shown, although clusterization 
used up to 6. (F) mAP (upper row) and mDAP (lower row) in red obtained 
from AP and dAP of similar morphology (blue lines). (G) Example of mAP 
showing the definition of variables analyzed. Tick dashed line represents 
basal voltage, and thin dotted lines represent upper and lower thresholds 
used to characterize the structure. Dots are the fiducial points used to define 
amplitudes and phases.
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maximum (V+) and minimum (V-) voltage threshold (in µV), defined 
as VV V σ± = ± , where V  is the mean and Vσ  is the standard deviation. 
EAPs must have two phases (depolarization and repolarization); 
therefore, we identified a tentative EAP when a positive/negative 
(P/N) phase was followed by a negative/positive (N/P) phase in a 
period of 0.3 ms to 0.6 ms. APs were defined as positive 1p

N
 

>  
 

 or 
negative 1p

N
 

<  
 

 according to the highest component identified.

Clustering was performed by an agglomerative hierarchical 
method, with distance between groups computed by farthest 
procedure. EAPs sharing similar morphologies were ascribed to the 
same neuron. For every EAP, we measured the maximum (Vmax) and 
minimum voltages (Vmin, in µV), durations of negative (dtN) and 
positive phases at half-amplitude (dtP in ms), and maximum (dVmax) 
and minimum values of the first derivative (dVmin, in mV/s). These 
measures can be considered as a 6-dimension vector for every k-AP, 

{ }max min max min, , , , ,k k k k k k
k N pAP V V dt dt dV dV=  (Figure 1D, 1E).

Construction of the mean Action Potential (mAP). All the EAPs 
from the same cluster were averaged to obtain a canonical waveform 
(Figure 1F, upper row), as were the derivatives to obtain the mean 
derivative (mDAP, 1F, lower row). A minimum of 10 EAPs was 
averaged. The first 300 µs (72 points) of baseline were used to compute 
the maximum (VAP+) and minimum (VAP-) voltage thresholds (in 
µV), defined as 2.5AP AP APV V σ± = ± , where APV  is the mean and APσ  the 
standard deviation. We used these thresholds to identify hallmark 
points in mAPs (Figure 1G). Every phase can be characterized by its 
polarity (P/N), duration (dti) and amplitude (Vi, i =1, 2, 3).

All analyses were performed in homemade MATLAB® R2018 
scripts. 

Statistics
Kurtosis (K) was computed for every group, and only values 

between 2 and 8 were acceptable for the homogeneous group [21]. 
Extreme outliers were removed. Statistical analysis was applied only 
to these groups.

Statistical comparisons between groups were performed using the 
Mann-Whitney U test or Kruskal-Wallis one-way ANOVA on ranks 
if normality failed. In the last case, Dunn’s method was used for all 
pairwise post hoc comparisons. Normality was evaluated using the 
Kolmogorov-Smirnov test. The independence of variables (e.g., peak-
to-peak action potential amplitude and amplitudes of depolarizing 
and repolarizing phases) was assessed by computing the rank (rnk) 
for the matrix containing observations (n) in rows and variables (p) 
in columns. Therefore, if rnk<p (considering that n>p always), then 
there would be some dependent variable that could be removed. 
However, when rnk=p, all the variables are independent and must be 
included in the analysis. 

SigmaStat® 3.5 software (Point Richmond, USA) and MATLAB 

were used for statistical analyses. Pearson’s correlation coefficient 
was used to study the linear dependence between variables. Linear 
regression significance was evaluated by means of a contrast 
hypothesis against the null hypothesis =0 using the formula

2

2
1

r nt
r
−

=
−

      
    (3)

This describes a t-Student distribution with n-2 freedom degrees. 

The significance level was set at p=0.05 and the results are shown 
as the mean ± SEM.

Ethics statement
The experimental procedure was approved by the medical ethics 

review board of the Hospital Universitario de La Princesa and was 
deemed “care as usual”. Under these circumstances, written informed 
consent was not required.

Results
We have analysed MER from 2 mm above and 2 mm below the site 

of maximum physiological response to electrical stimulation [5], that 
was finally selected to DBS electrode implantation. In total, we have 
evaluated 159 mAP. Bearing in mind that every mAP is composed 
of 28.8 ± 11.6 APs, the total number of individual APs analysed was 
greater than 4550.

Types of extracellular action potentials
We analysed the structure of mAPs, defined as the arrangement 

of the parts composing the entire waveform. All the mAPs were 
positive. Only 16/159 (10.1%) mAPs showed 2 phases, being the 
majority cells with 3 phases structure. The most common type was 
P1P2N1, recorded in 104 cells (65.4%), and followed by N1P1N2, 
39 cells (24.5%) and finally P1N1, only in 16 cells (10.1%). The most 
frequent had either a small positive or negative deflection before the 
main component (Figure 2). See Table S1 at Additional Materials for 
detailed numerical description of every type.

Figure 2: Amplitude-normalized canonical forms of mAP (A) P1P2N1, (B) 
N1P1N2 and (C) P1N1. The dashed line indicates the basal voltage. Positive 
(P) and negative (N) phases are indicated.

Patient Age (yrs) Sex Intellectual capacity Medical history Medication MRI

1 22 M severe mental retardation cluster headache, epilepsy TPM, CLZ, RIS, LVM, 
OLZ

moderate diffuse cortico-
subcortical atrophy; pineal cyst

2 22 M moderate mental 
retardation perinatal hypoxia GBP, VPA, CYP, Li, OLZ normal

3 48 M moderate mental 
retardation

OCD, AVM, complex 
partial seizure

CBM, GBP, ZPX, CTP, 
CLZ

extensive encephalomalacia in 
right temporal lobe

4 37 F severe mental retardation epilepsy LVM, OLZ, TPM, RIS, 
ARP normal

Table 1: Demographic and clinical findings.

ARP: Arpiprazole; AVM: Arterio-Venous Malformation; CBM: Carbamacepine; CLZ: Clorazepate; CTP: Citalopram; CYP: Cyproterone; GBP: Gabapentine; Li: Lithium; 
LVM: Levomepromazine; MRI: Magnetic Resonance Imaging; OCD: Obsessive-Compulsive Disorder; OLZ: Olanzapine; RIS: Risperidone; TPM: Topiramate; VPA: 
Valproic Acid; ZPX: Zuclopenthixol
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The first phase for cells showed similar properties for absolute 
amplitude and duration, obviously with inverted polarity. Specifically, 
V1 was 15.8 ± 1.6 and -13.1 ± 1.4 µV respectively for P1P2N1 and 
N1P1N2 (p=0.839, Mann-Whitney U test) and dt1 0.13 ± 0.01 and 
0.14 ± 0.01 ms respectively (p=0.541, Mann-Whitney U test).

Canonical description of mAP
We have observed that most of the properties analysed were 

highly different according to ANOVA on ranks (p<0.001), although 
they were not different for all the pairwise post-hoc comparisons but 
were for most of them. It is observed from Figure 3 that there are not 
differences for amplitude for V2 and V3 and duration for phase V2 
for P1P2N1/N1P1N2 mAPs, although the duration of V3 was longer 
for P1P2N1. In fact, the only difference for this kind of cells was the 
dVmax, higher for N1P1N2. On the contrary, most of the properties 
of amplitude and first derivative of P1N1 cells were different from 
P1P2N1 and N1P1N2 cells. However, the duration of both phases V2 
and V3 were similar and, consequently the total duration of mAP.

From Figure 3 we can observe that amplitude of mAP (peak-to-
peak measurement) depends mainly on V2 phase (depolarization), 
meanwhile, duration is directly dependent on dt3 (repolarization 
phase).

Relationship between the first phase and rest of waves
We observed that most of the mAPs analyzed showed a first phase 

that was either positive or negative and smaller than the depolarizing 
phase. We correlated the maximum amplitudes of depolarization 
(V2) and repolarization (V3) (Figure 4A), and both of these phases 

with the absolute value of the first smaller one (V1|). The linear 
function adjusted for depolarizing and repolarizing phases was 

3( ) 0.585 2 2.41V V Vµ =− × − , r=0.888 (p<0.001, Student-t test). The 
linear regression between phase 1 and depolarization (Figure 4B) was 

1 ( ) 3.670 2 0.14V V Vµ = × + , r=0.381 (p<0.01, Student-t test), and 
finally, the comparison between phase1 and repolarization (Figure 
4C) gave 3( ) 0.920 1 34.42V V Vµ =− × − , r=0.533 (p<0.001, Student-t 
test). These results show that V1 is highly correlated with the other 
two phases forming the EAP and, therefore, probably pertain at the 
same process.

Although the correlation was higher for V2/V3, it was also highly 
significant for V1, which means that there is a correlation between the 
first phase and the repolarization/depolarization phases.

Discussion
To the best of our knowledge, this is the first work describing 

features of EAP from human PMH in detail. So far, only description 
of pattern discharge had been made at hypothalamus [3,5,8] but not 
detailed description of EAP were addressed. In animal recordings, the 
temporal structure of extracellular APs contains information about 
the intracellular spike [22]; therefore, we can hypothesize that the 
ionic conductances are different for each type of mAP.

Different methods for spike sorting have been described [23-
27]. However, there is not a recognized-best-method. In this sense, 
clustering is a well-known, robust, and straightforward approach 
to grouping sets of data [10,28,29]. Sorting has been performed 
capturing features from the spikes shapes and later used for clustering 
the waveforms. The more discriminative features, the better the ability 
to distinguish the different spike shapes and we have used up to six 
independent variables to differentiate between EAP.

Recently our group has described the features of EAP from 
different identified thalamic nuclei [10]. We have noticed thalamic 
EAP with similar morphologies. In fact, we have observed in thalamus 
78.7% of P1P2N1, 19.5% N1P1N2 and 6.3% P1N1. These percentages 
are very similar to found in this work (65.4%, 24.5% and 10.1% 
respectively for the same morphologies) and what is more relevant, 
the most prominent properties, as peak-to-peak amplitudes (146.7 ± 
3.3/122.1 ± 3.9/78.8 ± 7.2 µV for P1P2N1/N1P1N2/P1N1) and total 
duration (2.83 ± 0.14/2.11 ± 0.03/1.99 ± 0.08 ms respectively) are 
similar to those described here (127.6 ± 8.7/124.7 ± 9.4/70.3 ± 8.6 µV 
for amplitude and 1.99 ± 0.28/1.97 ± 0.10/2.24 ± 0.18 ms for duration 
respectively for P1P2N1/N1P1N2/P1N1). Although a systematic 
statistical comparison was out of the scope of this work, because we 

Figure 3: Box-plot graphs showing different properties of mAPs, indicated 
at x-axis. (A) Depolarization (black) and peak-to-peak (red) amplitudes; 
(B) amplitude repolarization; (C) depolarization duration; (D) repolarization 
(black) and action potential (red) duration; (E) dVmax and (F) dVmin. Horizontal 
brackets indicate the difference (Kruskal-Wallis One Way Analysis of 
Variance on Ranks, Dunn’s test post-hoc) with post hoc test between pairs 
of variables. Red brackets refer to whole action potential variables (peak-to-
peak and total duration). 

Figure 4: Linear regression for the maximum amplitude of the different phases 
of mAPs. (A) Depolarization (V2) vs. repolarization (V3); (B) depolarization 
(V2) vs. absolute value of phase 1 (|V1|) and (C) absolute value of phase 1 
(|V1|) vs. repolarization (V3). Solid lines represent linear regressions; dashed 
lines represent 95% confidence band and dotted lines 95% prediction band.
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need more cells from longer hypothalamic tracks to obtain a better 
picture of this complex nucleus. Nevertheless, it’s quite interesting 
that EAP from such different structures, as several thalamic nuclei 
and PMH share similar properties in neurons. But, not all the 
properties obtained from thalamus were exactly super imposable 
to hypothalamus, e.g. no negative cells have been found from this 
structure, meanwhile we found 1.53% negative cells (P1N1P2 
structure) at thalamus. However, considering the low frequency 
of negative cells at thalamus and the number of cells recorded at 
our work, we should expect around 2 to 3 negative cells, a number 
obviously too small that can be easily ignored.

It has been shown that the amplitude of extracellular spikes 
decreases monotonically with the distance from the soma [18,22]. 
This fact can explain the variation in amplitude because we can 
record neurons from a sphere of tissue approximately 5.23 × 105 µm3 
in volume. However, not only the distance to the microelectrode can 
be argued to modify the amplitude, but the net local field potential 
can also affect the amplitude of an EAP [22,30]. In fact, the total 
extracellular current injected to the volume recorded (e.g., by sources/
sinks from surrounding tissue) can affect the amount of extracellular 
voltage generated by an extracellular current caused by an EAP. 
Nevertheless, despite these sources of variation, we have obtained 
highly significant differences in amplitude between types of mAP, 
probing that these differences are real and not induced by neuron-
electrode distance.

We observed the presence of a small phase before depolarization 
in 89.9% of neurons. This first phase likely corresponds to the 
capacitive current. In fact, both numerical and experimental data 
have shown the presence of capacitive current prior to the large 
depolarizing phase [18,31,32]. We observed a highly significant 
correlation between the first phase amplitude and the two other phases 
of mAPs; therefore, we can reasonably argue that this small waveform 
is causally related to the action potential. It could be speculated that 
postsynaptic potentials may be responsible for this phase because, in 
fact these can be positive or negative. However, if this were the case, 
a greater variation would be expected, probably lacking of correlation 
with the other phases. However, the capacitive current is elicited by 
current spreading to dendrites from the soma and is always of the 
opposite polarity than the depolarization [18,31,32]. Surprisingly, we 
observed both opposite and similar polarities, which are difficult to 
collate with the capacitive current. The same finding was observed 

Properties P1P2N1 N1P1N2 P1N1

Med, [P25-P75] Med, [P25-P75] Med, [P25-P75]

N 104 39 16

V1 (µV) 15.8 ± 3.8 11.3, [5.0-20.2] -13.1 ± 1.4 -10.5, [-18.1- -6.1] - -

V2 (µV) 77.3 ± 2.8 70.1, [46.5-95.1] 81.9 ± 6.2 71.2, [52.8-104.8] 47.8 ± 4.9 41.2, [36.6-53.3]

V3 (µV) -50.3 ± 6.3 -41.0, [-58.4- -32.3] -42.8 ± 3.4 -36.4, [-50.1- -31.1] -22.5 ± 5.4 -20.6, [-33.3- -11.0]

dt1 (ms) 0.13 ± 0.01 0.13, [0.09-0.16] 0.14 ± 0.01 0.13, [0.10-0.17] - -

dt2 (ms) 0.36 ± 0.04 0.36, [0.33-0.40] 0.32 ± 0.01 0.33, [0.27-0.36] 0.31 ± 0.02 0.29, [0.27-0.36]

dt3 (ms) 1.51 ± 0.04 1.56, [1.14-1.90] 1.51 ± 0.10 1.45, [1.04-2.10] 1.78 ± 0.19 2.57, [1.87-2.69]

Peak-peak (µV) 127.6 ± 0.87 109.0, [81.5-148.5] 124.7 ± 9.4 105.7, [83.6-154.6] 70.3 ± 8.6 62.3, [51.2-70.4]

dtAP (ms) 1.99 ± 0.28 2.03, [1.56-2.41] 1.97 ± 0.10 1.96, [1.53-2.54] 2.24 ± 0.18 2.57, [1.87-2.69]

dVmax (mV/s) 5.4 ± 0.3 4.9, [3.2-6.7] 8.2 ± 0.5 7.4, [5.8-10.2] 4.3 ± 0.53 3.6, [3.0-5.1]

dVmin (mV/s) -5.8 ± 0.3 -4.9, [-7.0- -3.5] -6.7 ± 0.5 -6.9, [-8.1- -4.9] -3.75 ± 0.72 -2.7, [-4.4- -2.4]

Table S1: Properties of types of EAP from PMH.

Med: Median; P25/P75: Percentile 25/75

from thalamic cells. Settings from recording device (mainly filters) 
neither can explain the presence of this first phase. Therefore, we need 
more profound knowledge about EAP in humans before to identify a 
true cause of these potentials.

Conclusion
We have shown for first time that human hypothalmus near 

postero-medial nucleus have heterogeneous morphologies of EAP, 
probably conditioned by different ionic conductances. These EAP 
morphologies are partially, but not completely, shared with thalamic 
nuclei cells.
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