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Experiential Modification of the Trigeminal Reflex
Blink Circuit

Céline Dauvergne' and Craig Evinger "
Departments of 'Neurobiology and Behavior, and *Ophthalmology, State University of New York at Stony Brook, Stony Brook, New York 11794-5230

To characterize the organization and plasticity of the trigeminal reflex blink circuit, we interacted blink-evoking supraorbital (SO) and
infraorbital (I0) nerve stimuli in alert rats. Stimulation of either trigeminal branch produced a short-lasting inhibition followed by a
longer-lasting facilitation of blinks evoked by stimulating the other nerve. When IO stimulation evoked a smaller blink than SO stimu-
lation (I0 < SO), SO stimulation facilitated subsequent 10-evoked blinks more than IO stimulation facilitated SO-evoked blinks. When
10 > SO, 10 and SO stimulation exerted equivalent facilitation of subsequent reflex blinks. To investigate whether the blink circuit obeyed
rules analogous to those governing the associative and spike timing-dependent plasticity exhibited by individual synapses, we compared
the effects of 3600 simultaneous 10 and SO pairings, asynchronous 10 and SO pairings, or synchronous I0 and SO pairings separated by
20 ms on temporal interactions between 10 and SO inputs to the blink circuit. Simultaneous pairing of a weak 10 and a strong SO
strengthened the IO input to the blink circuit, whereas asynchronous pairing weakened the stronger input. When the pairing pattern
made an afferent input arrive after blink circuit activity, it weakened that afferent input. Analogous to synaptic modifiability, the results
revealed that blink-evoking stimuli acted as a “presynaptic input” and blink circuit activity acted as a “postsynaptic spike.” These

mechanisms may create the maladaptive reorganization of trigeminal inputs in diseases such as hemifacial spasm.
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Introduction

Although stimulating any branch of the trigeminal nerve evokes a
reflex blink (Cruccu et al., 1986; Evinger et al., 1991; Ellrich et al.,
1997; Esteban, 1999; Ohki and Takeuchi, 2002), the vigor of the
blink depends on which branch is activated. Stimulation of the
ophthalmic branch evokes the largest blink, whereas mandibular
nerve stimulation generates the smallest blink (Gruart et al.,
1995, 20005 Jaaskelainen, 1995a,b). This pattern indicates an ac-
tivation gradient for inputs from the different branches of the
trigeminal nerve to the blink circuit. Although this gradient may
be set by the process of trigeminal development, two lines of
evidence suggest that synaptic plasticity-like mechanisms contin-
uously regulate the strength of inputs to second-order blink cir-
cuit neurons in the trigeminal nucleus. First, the sensory path-
ways of the trigeminal system exhibit significant modifiability
throughout life (Nicolelis et al., 1998; Guido et al., 2001). Second,
the presentation of high-frequency trigeminal stimuli to adult
humans produces long-term potentiation- and long-term de-
pression (LTD)-like effects in trigeminal reflex blinks (Mao and
Evinger, 2001; Battaglia et al., 2006; Quartarone et al., 2006), and
low-frequency stimulation also produces LTD-like modification
of reflex blinks (Schorr and Ellrich, 2002). These data suggest that
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synaptic plasticity occurs in trigeminal blink circuits and may
occur as early as the first trigeminal synapse.

Normal regulation of the ability of different trigeminal inputs
to generate reflex blinks may use mechanisms analogous to syn-
aptic associative plasticity. For example, simultaneous activation
of a strong and a weak synapse strengthens the weak synapse
(Hebb, 1949). With spike timing-dependent plasticity (STDP), a
presynaptic input strengthens when it occurs immediately before
the postsynaptic spike, and weakens when it occurs after the
postsynaptic spike (Bi and Poo, 1998, 2001; Abbott and Nelson,
2000). If blink and synaptic associative plasticity are analogous,
then simultaneous activation of a weak maxillary and a strong
ophthalmic input to the blink circuit should enhance the ability
of the maxillary stimulus to evoke a blink. Similarly, the ability of
a trigeminal stimulus to evoke a blink should decrease if the
afferent input arrives after blink circuit activity as with STDP.

If a mechanism in which trigeminal inputs form a “presynap-
tic” input and blink circuit activity acts as a “postsynaptic spike”
continually regulates the strength of trigeminal inputs, then this
process could produce the abnormal facial contractions of hemi-
facial spasm (HFS). HFS enables stimulation of the trigeminal
ophthalmic branch to evoke contraction of the mouth muscle,
orbicularis oris (Auger, 1979; Pavesi et al., 2003). In HEFS, all the
muscles on one side of the face simultaneously undergo involun-
tary contractions (Auger, 1979; Digre and Corbett, 1988), a pat-
tern predicted to strengthen weak inputs to reflex circuits. Asso-
ciative plasticity-like mechanisms strengthening the ophthalmic
input to mouth reflex circuits may create this abnormal ability of
ophthalmic nerve stimulation to activate mouth muscles. Thus,



Dauvergne and Evinger e Trigeminal Reflex Blink Circuit Input Plasticity

synaptic plasticity-like mechanisms that normally regulate blink
circuits may sometimes create abnormal reflexes in disease states.

Materials and Methods

Five male Sprague Dawley rats (170—500 g) were used in these experi-
ments. All experiments received previous approval by the State Univer-
sity of New York at Stony Brook Institutional Animal Care and Use
Committee and were performed with strict adherence to all federal, state,
and university regulations regarding the use of animals in research.

Under ketamine (90 mg/kg) and xylazine (10 mg/kg) general anesthe-
sia, and using aseptic conditions, all rats were prepared for chronic re-
cording of the orbicularis oculi EMG (OOemg) and stimulation of the
supraorbital (SO) and infraorbital (IO) branches of the trigeminal nerve
(Evinger et al., 1993). To record the OOemg, a pair of Teflon-coated
wires (0.003 inch diameter bare, 0.0055 inch coated; number 791000;
A-M Systems, Everett, WA) with 1 mm exposed at the tip were implanted
in the orbicularis oculi (OO) muscle near the lateral and medial aspects of
the eye. To stimulate the SO nerve, a nerve cuff consisting of a pair of
Teflon-coated stainless-steel wires with the exposed wire (0.003 inch
diameter bare, 0.0055 inch coated; A-M Systems number 791000) en-
cased in Teflon tubing (1 mm diameter; number 163300; Small Parts,
Miami, FL) were placed on the SO branch of the trigeminal nerve, just
distal to the SO notch. An additional nerve cuff (2 mm diameter) was
placed around the IO nerve caudal to the mystacial pad and anteroventral
to the eye. Care was taken to spare extrinsic muscles overlying the IO
branch. Wires were led subcutaneously to a connector embedded in a
dental acrylic platform on the skull. The platform was attached to the
skull by four stainless-steel screws. A silver wire connected to one of the
stainless-steel screws served as ground. After surgery, all rats received
buprenorphine analgesic (0.03 mg/kg) twice per day for 2 d. Rats were
alert and eating within 24 h of the surgery, but at least 1 week passed
before the experiments began.

We initially determined the threshold current ( T) at which a 100 s
stimulus reliably evoked a blink for both the SO and IO branches of the
trigeminal nerve. Using a 100 ws duration stimulus, the median thresh-
old current was 0.26 mA for the SO stimulus and 0.33 mA for the IO
stimulus for all subjects over all days tested. Over all rats and days tested,
the median difference between the SO and IO threshold (I0 — SO
threshold) was 0.4 mA. All data were collected using stimulus intensities
2.5 times threshold (2.5T). Each experiment had three phases, prepair-
ing, pairing, and postpairing. The prepairing and postpairing paradigms
were identical. Both the IO and SO were stimulated on each trial but the
timing between the stimuli varied between trials. The IO stimulus was
presented from 100 ms before to 100 ms after the SO stimulus in 20 ms
steps. Twenty milliseconds was the minimum interval for which there
was rarely overlap between the end of the blink evoked by the first stim-
ulus and the occurrence of the second stimulus (see Fig. 1 B,D). A trial
occurred every 20 £ 5 s. Postpairing data were collected 30 min after the
end of the pairing paradigm. In the pairing paradigm, 3600 stimuli were
presented at a 0.5 Hz rate. There were four pairing paradigms: (1) simul-
taneous repetitive pairing in which the 10 and SO stimuli were delivered
simultaneously; (2) “IO 20 SO pairing,” in which the IO always occurred
20 ms before the SO; (3) “SO 20 IO pairing,” in which the SO always
occurred 20 ms before the IO; and (4) asynchronous repetitive pairing, in
which the occurrence of the IO stimulus varied from 100 ms before to 100
ms after the SO in 20 ms steps. This series of 11 intervals was repeated 327
times. Not all rats were subjects in every pairing condition, but all rats
were in more than one pairing paradigm.

Blinks were measured from the rectified OOemg signal using
laboratory-developed software. OOemg signals were amplified (A-M
Systems; model 1700; four-channel differential amplifier), filtered at
0.3-1 kHz, collected at 4 kHz per channel (DT 2831; Data Translation,
Marlboro, MA; 12-bit analog-to-digital resolution), and stored for off-
line analysis. The OOemg latency, duration, and amplitude were deter-
mined by marking the start and end of the R1 and R2 components of the
blink and the stimulus artifact. Blink amplitude was determined by inte-
grating the rectified OOemg activity between the beginning and end of
each component of the blink (Evinger et al., 1991; Gruart et al., 1995;
Pellegrini et al., 1995). Blink latency was determined as the time between
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the stimulus and the onset of OOemg activity for each component. Blink
duration was defined as the time from the onset to the end of OOemg
activity for each blink component.

To compare data among experiments and animals, normalized blink
amplitude was calculated as the amplitude of the response to the second
stimulus divided by the amplitude of the response to the stimulus when it
was presented alone (control). The control blink amplitude in each ex-
periment corresponded to the median blink amplitude for blinks that
occurred at least 60 ms before the other. For example, control blink
amplitude for IO0-evoked blinks was the median of all IO-evoked blinks
occurring 100, 80, and 60 ms before the SO-evoked blink. In the cases in
which both SO and IO stimuli were presented simultaneously, the blink
obtained was normalized to the sum of the control IO- and SO-evoked
blinks. Because the 3600 pairing trials decreased the amplitude of control
blinks, we used median amplitude of control blinks obtained after pair-
ing to normalize postpairing data. Normalized values >1 denoted that
the first stimulus facilitated the blink evoked by the second stimulus and
values <1 indicated that the first stimulus suppressed the blink elicited
by the second stimulus. Not including pairing, the data set from the five
rats included >4000 individual trials.

Statistical tests of significance ( p < 0.05) were performed with SPSS
software (SPSS, Chicago, IL) using a one-way repeated-measures
ANOVA with a least significant difference post hoc test or an
independent-samples t test. Data are presented as the mean = SEM.

Results

Stimulation of either the SO or IO nerve evoked a short latency,
R1 response, sometimes followed by a longer-latency, R2 com-
ponent (Fig. 1A) in the lid closing OO muscle. Like SO-evoked
blinks in other nonprimate species, R1 was the dominant com-
ponent of the rat blink and contributed significantly to lid closure
(Pellegrini et al., 1995; LeDoux et al., 1997). In our rats, SO and
10 stimuli evoked R1 responses with mean latencies of 4.2 = 0.03
and 4.6 = 0.07 ms, respectively. R2 responses occurred with
mean latencies of 13.7 = 0.09 and 13.2 = 0.09 ms for the SO and
IO stimuli, respectively. R2 responses occurred on 25 = 3 and
44 * 5% of the trials after SO and IO stimulation, respectively.
Across all rats, the mean R1 duration produced by SO and 10
stimuli was 7.3 & 0.04 and 7.8 == 0.07 ms, and mean R2 duration
was 9.3 = 0.09 and 9.5 = 0.12 ms, respectively. Thus, activation
of either the ophthalmic or maxillary branch of the trigeminal
nerve evoked blinks with similar patterns of OO muscle activity.
The simplest interpretation of this reflex pattern was that both
the ophthalmic and maxillary trigeminal afferents innervated the
same blink circuit. To characterize the relative strength of the IO
and SO inputs to the blink circuit, we investigated the effects of
temporal interactions between the IO and SO stimuli on the re-
flex blink magnitude of the R1 component.

Temporal interactions

Both SO and IO stimuli modulated subsequent blinks similarly
when the IO stimulus was presented from 100 ms before to 100
ms after the SO stimulus in 20 ms steps (Figs. 1, 2). With an
interstimulus interval (ISI) of 20 ms between the IO and SO, the
R1 OOemg activity evoked by the second stimulus was smaller
than the control R1 OOemg activity (Fig. 1B, D). For example,
the SO-evoked blink was smaller when the IO stimulus occurred
20 ms before the SO stimulus (Fig. 1 D, A) compared with SO-
evoked blinks without previous IO modulation (Fig. 1A, A). In
contrast, when the ISI between the IO and SO was 60 ms, the first
stimulus facilitated the blink evoked by the second stimulus (Fig.
1A, E). For example, the I0-evoked blink was larger when the SO
stimulus occurred 60 ms before the IO (Fig. 1A, A) than when the
10 stimulus occurred first (Fig. 1E, A). To compare blinking
between animals and experiments quantitatively, blink ampli-
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tude in each experiment was normalized to the median ampli-
tude of the blinks that occurred at least 60 ms before the second
stimulus and plotted as a function of time after the occurrence of
the first stimulus (Fig. 2).

For all rats, an ISI of 20 ms suppressed the amplitude of the
second blink, whereas ISIs of 40—80 ms facilitated the second
blink relative to control blinks (Fig. 2A) (SO, F5 554 = 12.5,p <
0.001; 1O, F(5 437y = 25.4, p < 0.001). Presenting an IO stimulus
20 ms before the SO significantly suppressed the SO-evoked blink
(p <0.01), whereas IO presentation 60 ms before the SO stimu-
lus significantly facilitated SO-evoked blinks (Fig. 2 A, left side of
graph) (p < 0.001). Similarly, an SO stimulus presented 20 ms
before the IO stimulus significantly suppressed the I0-evoked
blink ( p < 0.01). Atall other ISIs except 100 ms, however, the SO
stimulus significantly facilitated the IO-evoked blinks (Fig. 2 A,
right side of graph) ( p < 0.001). It was unlikely that blink facil-
itation resulted from summation of blink inputs to OO mo-
toneurons because the blink evoked by the first stimulus was over
before the start of the blink evoked by the second stimulus. In-
deed, the only interval at which a temporally overlapping drive to
OO motoneurons could occur, 20 ms, suppressed the second
blink (Fig. 1B,D).

The ability of one stimulus to potentiate blinks evoked by the
other stimulus depended on the relative strength of the IO and
SO stimuli (Fig. 2). For example, if the control IO stimulus
evoked a smaller blink than the control SO stimulus (I0 < SO),
then the SO stimulus produced significantly more facilitation of
10-evoked blinks (Fig. 2A, V, right side of graph) than the 10
exerted on SO-evoked blinks (Fig. 2A, O, left side of graph)
(Fsas0) = 8.77; p < 0.02). In experiments in which the control
I0-evoked blink was larger than the control SO-evoked blink
(IO > SO), however, there was no significant difference between
the facilitation produced by the IO and SO stimuli (Fig.2A, @, ¥)
(p>0.05). This result indicated that the SO input dominated the
blink circuit when IO < SO. When 10 > SO, however, the 10
stimulus matched SO influence on the blink circuit, but the IO
stimulus did not dominate the blink circuit. Consistent with this
interpretation, an SO stimulus preceding the 10 generated signif-
icantly more facilitation of IO-evoked blinks at the 60 ms (¢, =
3.1;p < 0.01) and 80 ms (¢;,, = 3.8; p < 0.001) ISIs when IO <
SO (Fig. 2A, V) than in experiments in which IO > SO (Fig. 2 A,
V). Supporting the proposal that IO control of the blink circuit
did not exceed SO control of the circuit, there was no significant
difference between IO modulation of SO-evoked blinks, regard-
less of whether IO < SO (Fig. 24, O) or IO > SO (Fig. 24, @).

The simplest interpretation of these data is that the primary
afferent volleys of both the IO and SO bring a number of neurons
within the trigeminal blink circuit to discharge, but that both
inputs are too weak to activate all of the neurons that they inner-
vate. In these latter neurons, IO and SO stimuli only generate a
long-lasting, subthreshold depolarization. Thus, control blink
amplitude is a function of the number of trigeminal blink neu-
rons driven beyond threshold by the primary afferent volley. The
“effective strength” of the afferent volley, however, is the number
of blink circuit neurons generating spikes plus the number of
neurons with subthreshold depolarization. The second blink is
facilitated because arrival of the second primary afferent volley
acts on many already depolarized blink circuit neurons. This sub-
threshold depolarization enables inputs too weak to bring the
postsynaptic neuron to spike threshold by themselves to drive
some fraction of the depolarized neurons to threshold. Adding
the activity of these additional neurons to the blink circuit poten-
tiates the blink amplitude relative to control blinks. Thus, the
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Figure2. Temporalinteractions between SO-and 0-evoked blinks as a function of relative control blink size. A, Mean (== SEM)

normalized R1 00emg amplitudes of the SO-evoked blink as a function of the interstimulus interval by which the 10 stimulus
preceded the SO stimulus when the control [0-evoked blink was smaller (10 << S0; O) or larger (10 > SO; @) than the control
S0-evoked blink (left side of graph). Mean (== SEM) normalized R1 00emg amplitudes of the I0-evoked blink as a function of the
interstimulus interval by which the SO stimulus preceded the |0 stimulus when the control 10-evoked blink was smaller (10 < SO;
V) orlarger (10 > SO; ¥) than the control SO-evoked blink (right side of graph). B, Mean normalized SO-evoked blink amplitude
(SO Blink Amplitude) when preceded by an |0 stimulation as a function of mean normalized 10-evoked blink amplitude (10 Blink
Amplitude) when preceded by an SO stimulus for interstimulus intervals from 20 to 80 ms when the control 10-evoked blink was
smaller (10 < S0; O) or larger (10 > SO; @) than the control SO-evoked blink. The solid line is the unity line. Each data pointis the
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prediction, we plotted the SO-evoked
blink amplitude at the 20—80 ms ISIs
against the 10-evoked blink amplitude at
the same intervals for the experiments in
which IO < SO (Fig. 2B, O). The position
of these data points below the unity line
indicates that an SO stimulus produced
more facilitation of IO-evoked blinks than
an IO stimulus generated for SO-evoked
blinks. For experiments in which IO > SO,
however, the data points were near the
unity line, indicating that the effective
strength of SO and IO stimuli on the blink
circuit was equivalent although control
10-evoked blinks were larger than control
SO-evoked blinks (Fig. 2B, @).

Simultaneous repetitive pairing of IO
and SO stimuli

The temporal interaction data demon-
strate that both the ophthalmic and max-

average of at least 30 trials.

effective strength of the first primary afferent volley determines
the amount of blink facilitation elicited by the second afferent
volley. Based on this interpretation, an SO stimulus produces
significantly more facilitation of I0-evoked blinks than the 10
stimulus generates for SO-evoked blinks when 10 < SO (Fig.
2A). The blink suppression at the 20 ms ISI is consistent with the
primary afferent volley activating interneurons that inhibit
second-order trigeminal neurons producing feedforward
inhibition.

Simultaneous stimulation of the IO and SO nerves is a unique
case of the temporal interaction paradigm. The synchronized IO
and SO primary afferent volleys should bring many blink circuit
neurons to threshold that would only have generated subthresh-
old depolarization by stimulation of either the IO or SO nerve
alone. Thus, the relative number of discharging and subthreshold
depolarized neurons determines the blink facilitation produced
by combined 10 and SO stimulation. If both 10 and SO stimula-
tion evoke large blinks, then there will be relatively few sub-
threshold neurons for the combined 10 and SO stimuli to acti-
vate. In this case, the sum of the IO and SO control blink
amplitudes will only be slightly smaller than the blink amplitude
evoked by combined IO and SO stimuli. In contrast, when the IO
stimulus evokes a small blink relative to that evoked by the SO
stimulus, then the blink evoked by the combined IO and SO
stimulation will be much larger than the sum of the control blinks
because the combined stimulus causes a large number of the
neurons only depolarized by individual IO stimuli to discharge.
Consistent with this interpretation, simultaneous 10 and SO
stimulation evoked a blink that was 1.9 times larger than the sum
of the control I0- and SO-evoked blinks in experiments in which
I0 < SO (Fig. 24, O, 0 time point). When 10 > SO, however,
simultaneous IO and SO stimulation evoked a blink only 1.5
times larger than the sum of the control IO- and SO-evoked
blinks, a significantly smaller facilitation than when I0 < SO
(Fig. 24, @) (1,4, = 2.66; p < 0.01).

If the SO input produced more depolarization of the blink
circuit than the IO input, then the SO afferent volley should
facilitate I0-evoked blinks at all temporal pairings more than IO
stimulation facilitates subsequent SO-evoked blinks. To test this

illary branches of the trigeminal nerve in-

nervate the blink circuit but that the

effective strength of the IO afferent volley
never exceeds and is usually weaker than that of the SO. Extend-
ing an associative model of synaptic plasticity (Hebb, 1949) to the
blink circuit predicts that simultaneous presentation of a strong
SO and a weak IO input to the blink circuit will strengthen the IO
input to the blink circuit. This increased 10 input strength will
reveal itself as an enhanced facilitation of subsequent SO-evoked
blinks in the temporal interaction paradigm. To test this hypoth-
esis, 3600 simultaneous IO and SO stimuli were presented at 0.5
Hz to four rats: “simultaneous repetitive pairing.”

For experiments in which the initial control 10 blink ampli-
tude was smaller than control SO blink amplitude (IO < SO),
simultaneous repetitive pairing significantly enhanced IO facili-
tation of subsequent SO-evoked blinks at all intervals (Fig. 3A)
(F(9,343) = 5.409; p < 0.04). Plotting the SO-evoked blink ampli-
tude as a function of the I0-evoked blink amplitude for each ISI
before (Fig. 3B, O) and after (Fig. 3B, @) simultaneous repetitive
pairing showed an upward shift of the data points to lie on or
above the unity line. This shift indicated that simultaneous repet-
itive pairing increased the effective strength of the IO afferent
volley until it equaled or exceeded the effective strength of SO
stimulation. Simultaneous repetitive pairing of the weak IO with
a strong SO input to the blink circuit, however, did not modify
the SO input to the blink circuit. There was no significant change
in the facilitation of I0-evoked blinks by SO stimuli for ISIs >20
ms when 10 < SO (Fig. 3C) ( p > 0.05). Nor was there a signifi-
cant change in the size of blinks evoked by simultaneous 10 and
SO stimulation after simultaneous repetitive pairing (pre, 1.8 =
0.1; post, 2.1 * 0.2) (Fig. 3A,C) (43 = 1.09; p > 0.05). These
results indicated that repetitively pairing the weak IO input with
a strong SO input strengthened the effective strength of the 10
input to the blink circuit, but did not significantly modify the
effective strength of the SO input.

When I0 > SO, simultaneous repetitive pairing failed to
modify the ability of either the IO or the SO to facilitate subse-
quent blinks at ISIs >20 ms (Fig. 3D,F) (p > 0.05). Before
simultaneous repetitive pairing, plotting the SO-evoked against
10-evoked blink data at the 20—80 ms ISIs showed the points to
lie around the unity line (Fig. 3E, O). Simultaneous repetitive
pairing did not alter this relationship (Fig. 3E, @). This result
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Figure 3.  Temporal interactions between SO- and 10-evoked blinks before and after re-

peated simultaneous pairing of 10 and SO stimuli. 4, D, Mean (==SEM) normalized R1 00emg
amplitude of the SO-evoked blink (Relative SO Blink Amplitude) as a function of the interstimu-
lus interval between the 10 and SO stimuli before (Pre; O) and after (Post; @) repeated simul-
taneous pairing of 10 and SO stimuli when the control 10-evoked blink was smaller (10 << SO; 4)
orlarger (10 > SO; D) than the control SO-evoked blink. B, E, Mean normalized SO-evoked blink
amplitude (Relative SO Blink Amplitude) when preceded by an |0 stimulation as a function of
mean normalized 10-evoked blink amplitude (Relative 10 Blink Amplitude) when preceded by
an SO stimulus for interstimulus intervals from 20 to 80 ms when the control 10-evoked blink
wassmaller (10 << SO; B) orlarger (10 > SO; E) than the control SO-evoked blink before (O) and
after (@) simultaneous SO and 10 pairing. The solid line is the unity line. €, F, Mean (== SEM)
normalized R1 00emg amplitude of the 10-evoked blink (Relative 10 Blink Amplitude) as a
function of the interstimulus interval between the 10 and SO stimuli before (Pre; O) and after
(Post; @) simultaneous 10 and SO pairing when the control |0-evoked blink was smaller (10 <
S0; €) or larger (10 > SO; F) than the control SO-evoked blink. Each point is the average of data
from at least 30 trials.

further illustrated that simultaneous repetitive pairing failed to
modify the effective strength of IO and SO inputs to the blink
circuit when their strength was nearly equal. Similar to synaptic
plasticity (Bienenstock et al., 1982; Abbott and Nelson, 2000;
Abraham et al., 2001), it appeared easier to strengthen a weak
input to the blink circuit than to augment a strong input. In
contrast to the results at other intervals, there was significant
potentiation of blinks evoked by simultaneous IO and SO stim-
ulation from 1.5 = 0.1 t0 2.2 = 0.1 (Fig. 3D, F) (t(9;) = 4.95;p <
0.001). This increase probably resulted from our procedure to
estimate blink facilitation at the 0 ms interval. The 3600 pairings
decreased control IO- and SO-evoked blink amplitude by ~50%,
presumably resulting from the IO and SO stimuli activating a
smaller number of blink circuit neurons. In this habituated con-
dition, the increased number of depolarized neurons available for
activation enabled the simultaneous IO and SO stimulation to
evoke a blink much larger than the sum of the control blinks.
At the 20 ms IS], simultaneous repetitive pairing converted
the suppression to facilitation for all conditions (Fig. 3A,C, D, F).
10 suppression of SO-evoked blinks was converted to facilitation
when 10 < SO (Fig. 3A) (ts3y = —5.54; p < 0.001) and when
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A, Mean normalized SO-evoked blink amplitude when preceded by an 10 stimulation as a func-
tion of mean normalized 10-evoked blink amplitude when preceded by an SO stimulus for
interstimulus intervals from 20 to 80 ms when the control 10-evoked blink was smaller than the
control SO-evoked blink (10 < S0). B, Mean normalized SO-evoked blink amplitude (Relative
S0 Blink Amplitude) when preceded by an |0 stimulation as a function of mean normalized
10-evoked blink amplitude (Relative |0 Blink Amplitude) when preceded by an SO stimulus for
interstimulus intervals from 20 to 80 ms when the control [0-evoked blink was larger than the
control SO-evoked blink (10 > S0). Data points are before pairing on day 1 (O), immediately
after simultaneous pairing on day 1 (@), and before pairing on day 2 (\/). The solid line is the
unity line. Each point is the mean of data from at least 20 trials from three rats.

10 > SO (Fig. 3D) (t(g6) = —2.55; p < 0.02). Likewise, SO sup-
pression of 10-evoked blinks was converted to facilitation when
10 < SO (Fig. 3C) (t(s9y = —4.92; p < 0.001) and when I0 > SO
(Fig. 3F) (t(goy = —9.9;p < 0.001). The simplest interpretation of
these data was that simultaneous repetitive pairing significantly
reduced the strength of the feedforward inhibition so that only
the second-order neuron depolarization from primary afferent
input remained. This result may be analogous to a decrease in
postsynaptic inhibition caused by repetitive coincident activation
of inhibitory synapses and postsynaptic depolarization (Woodin
et al., 2003).

If associative plasticity mechanisms engendered by normal
facial movements continuously regulate the strength of trigemi-
nal afferent inputs to the blink circuit, then the 2 h of simulta-
neous repetitive pairings in our study should not produce per-
manent modifications because the rats experienced 22 h of
normal blink patterns in that 24 h period. When IO < SO, simul-
taneous repetitive pairing increased the strength of IO afferent
inputs to match those of SO afferent inputs [Fig. 4A, Pre Day 1
(O) to Post Day 1 (@)]. Twenty-four hours later, however, rela-
tive IO strength returned to the levels present before simulta-
neous repetitive pairing [Fig. 4 A, Pre Day 2 (V)]. When IO > SO,
neither simultaneous repetitive pairing [Fig. 4 B, Pre Day 1 (O) to
Post Day 1 (@)] nor 22 h of normal blinking altered relative IO
strength [Fig. 4 B, Pre Day 2 (V)].

Repetitive pairing of 10 and SO stimuli with a 20 ms ISI
Temporal interactions between the IO and SO inputs suggest that
reflex blinking exhibits STDP. Simultaneous presentation of the
IO and SO stimuli potentiates blink circuit activity, whereas sep-
arating the delivery of the two stimuli by 20 ms suppresses the
response of the blink circuit to the second stimulus (Figs. 1, 2). If
STDP-like changes occur for IO and SO inputs to the blink cir-
cuit, then repetitive pairing of the two inputs using a 20 ms ISI
should reduce the effective strength of the second stimulus be-
cause it arrives after blink circuit activity. A decrease in effective
input strength will reveal itself as a reduced facilitation of subse-
quent blinks in the temporal interaction paradigm. To test this
hypothesis, we presented 3600 trials in which the IO preceded the
SO by 20 ms (two rats) (IO 20 SO pairing) or 3600 trials in which
the IO followed the SO by 20 ms (two rats) (SO 20 IO pairing).
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Figure5.  Temporal interactions between SO- and 10-evoked blinks before and after pairing
inwhich the [0 preceded the SO by 20 ms. 4, ¢, Mean (== SEM) normalized R100emg amplitude
of the SO-evoked blink (Relative SO Blink Amplitude) as a function of the interstimulus interval
between the 10 and SO stimuli before (Pre; O) and after (Post; @) repetitive 10 20 SO pairing
when the control 10-evoked blink was smaller (10 << SO; A) or larger (10 > SO; ) than the
control SO-evoked blink. B, D, Mean (=SEM) normalized R1 00emg amplitude of the 10-
evoked blink (Relative 10 Blink Amplitude) as a function of the interstimulus interval between
the 10 and SO stimuli before (Pre; O) and after (Post; @) repetitive 10 20 SO pairing when the
control 10-evoked blink was smaller (I0 << SO; B) or larger (I0 > SO; D) than the control
S0-evoked blink. Each point is the average of data from at least 10 trials.

As predicted from STDP-like mechanisms, when the SO stim-
ulus occurred 20 ms after the IO (IO 20 SO pairing), there was a
significant reduction in the ability of the SO to modulate 10-
evoked blinks at 60 (£,5, = 5.7; p < 0.001) and 80 (¢(,5, = 3.8;p <
0.001) ms ISIs when IO < SO (Fig. 5B). Reversing the pairing
order so that the SO preceded the 10 (SO 20 IO pairing) signifi-
cantly reduced IO modulation of SO evoked blinks at 40 (t,5, =
2.7;p <0.02), 60 (t(17) = 2.6; p < 0.02), and 80 (¢, = 2.3;p <
0.05) ms ISIs when IO < SO (Fig. 6A). Consistent with STDP-
like mechanisms, I0 20 SO pairing produced no significant
change in 10 modulation of SO-evoked blinks (Fig. 54) (p >
0.05) except at the 80 ms ISI (¢,,) = 6.5; p < 0.001) when IO <
SO. SO 20 IO pairing, however, significantly reduced SO modu-
lation of IO-evoked blinks when I0 < SO at 40 (¢(,,, = 2.3;p <
0.05), 60 () = 4.15 p < 0.001), and 80 (¢, = 2.5; p < 0.05) ms
ISIs (Fig. 6 B). Neither pairing paradigm modified IO or SO fa-
cilitation of subsequent blinks when 10 > SO (Figs. 5C,D, 6C,D).

Although separating the IO and SO stimuli by 20 ms did not
modify the ability of the first stimulus to facilitate subsequent
blinks when IO > SO, both IO 20 SO and SO 20 IO pairing
significantly increased the amplitude of the blink evoked by si-
multaneous IO and SO stimulation when 10 > SO (Figs. 5C,D,
6C,D) (0 ms ISI). IO 20 SO pairing significantly facilitated blinks
evoked by simultaneous stimulation of the IO and SO from 1.6 =
0.1t02.7 * 0.3 (£, = —3.51; p < 0.001) (Fig. 5C,D). SO 20 IO
pairing significantly increased the amplitude of blinks evoked by
simultaneous IO and SO stimulation from 2.2 = 0.1 to 3.4 * 0.4
(Fig. 6C,D) (t,7y = —3.33; p < 0.001). In experiments in which
IO < SO, however, neither pairing paradigm significantly altered
the amplitude of blinks evoked by simultaneous IO and SO stim-
ulation (Figs. 5A,B, 6A,B) (p > 0.05).
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Figure 6.  Temporal interactions between SO- and 10-evoked blinks before and after pairing
in which the SO preceded the 10 by 20 ms. 4, C, Mean (== SEM) normalized R1 00emg amplitude
of the SO-evoked blink (Relative SO Blink Amplitude) as a function of the interstimulus interval
between the 10 and SO stimuli before (Pre; O) and after (Post; @) repetitive SO 20 10 pairing
when the control 10-evoked blink was smaller (10 << SO; A) or larger (10 > SO; ) than the
control SO-evoked blink. B, D, Mean (=SEM) normalized R1 00emg amplitude of the 10-
evoked blink (Relative 10 Blink Amplitude) as a function of the interstimulus interval between
the 10 and SO stimuli before (Pre; O) and after (Post; @) repetitive SO 20 10 pairing when the
control 10-evoked blink was smaller (10 << SO; B) or larger (I0 > SO; D) than the control
S0-evoked blink. Each point is the average of data from at least 10 trials.

Asynchronous repetitive IO and SO pairing

As demonstrated by the lack of significant change in the temporal
interactions between 10 and SO, the repetitive simultaneous and
20 ms ISI pairing paradigms did not modify 10 or SO effective
strength when 10 > SO. Analogous to synaptic physiology (Ab-
bott and Nelson, 2000), the high effective strength of both IO and
SO inputs in the IO > SO condition probably made them more
difficult to strengthen further. If STDP-like processes occur in the
blink circuit, then it should be possible to weaken the effective
strength of strong IO and SO inputs by making the afferent inputs
occur irregularly relative to blink circuit activity. This loss of
effective strength will reveal itself as a decrease in the ability of the
afferent input to facilitate subsequent blinks in the temporal in-
teraction paradigm. Because it should be difficult to reduce the
effective strength of weak 10 and SO inputs (Abbott and Nelson,
2000), the effective strength of the weak afferent volley should not
change significantly. To test this hypothesis, three rats received
3600 presentations of the IO and SO stimuli at 0.5 Hz, but the
occurrence of the IO stimulus varied from 100 ms before to 100
ms after the SO stimulus in 20 ms steps: “asynchronous repetitive
pairing.”

As predicted, asynchronous repetitive pairing had little effect
on the ability of the less effective afferent volley to modify the
blink circuit but significantly reduced the ability of the stronger
stimulus to affect the blink circuit (Fig. 7). When IO < SO, asyn-
chronous repetitive pairing significantly reduced the ability of the
SO stimulus to facilitate I0-evoked blinks at the 60 ms (.50, =
4.13;p < 0.001) and 80 ms (¢4, = 3.78; p < 0.001) ISIs (Fig. 7C)
but did not significantly change 10 facilitation of SO-evoked
blinks ( p > 0.05) (Fig. 7A). When 10 > SO, there was a signifi-
cant reduction in IO facilitation of SO-evoked blinks at the 60 ms
(ta9) = 3.53; p < 0.001) and 80 ms (.45, = 3.41; p < 0.001) ISIs
(Fig. 7D), and a significant increase in SO facilitation of 10-
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Figure 7.  Temporal interactions between SO- and 10-evoked blinks before and after asyn-
chronous 10 and SO pairing. A, D, Mean (==SEM) normalized R1 00emg amplitude of the
S0-evoked blink (Relative SO Blink Amplitude) as a function of the interstimulus interval be-
tween the 10 and SO stimuli before (Pre; O) and after (Post; @) asynchronous 10 and SO pairing
when the control 10-evoked blink was smaller (10 << SO; A) or larger (10 > SO; D) than the
control SO-evoked blink. B, E, Mean normalized SO-evoked blink amplitude (Relative SO Blink
Amplitude) when preceded by an |0 stimulation as a function of mean normalized 10-evoked
blink amplitude (Relative 10 Blink Amplitude) when preceded by an SO stimulus for interstimu-
lus intervals from 20 to 80 ms when the control 10-evoked blink was smaller (10 < SO; B) or
larger (10 > SO; E) than the control SO-evoked blink before (O) and after (@) repetitive
asynchronous SO and 10 pairing. The solid line is the unity line. ¢, F, Mean (= SEM) normalized
R100emg amplitude of the 10-evoked blink (Relative 10 Blink Amplitude) as a function of the
interstimulus interval between the 10 and SO stimuli before (Pre; O) and after (Post; @) repet-
itive asynchronous 10 and SO pairing when the control |0-evoked blink was smaller (10 << SO; ()
orlarger (10 > SO; F) than the control SO-evoked blink. Each point is the average of data from
at least 20 trials.

evoked blinks at the 20 ms (t4,) = —2.76; p < 0.009), 40 ms (4,
= —2.49; p < 0.02), 60 ms (t,5, = —2.07; p < 0.05), and 80 ms
(tagy = —2.40; p < 0.02) ISIs (Fig. 7F). This postpairing pattern
is similar to that of the prepairing condition when 10 < SO (Fig.
2 A, SO before 10). For two of the three experiments in which
IO > SO before pairing, asynchronous repetitive pairing altered
the relative size of the control blinks so that the control IO be-
came smaller than the control SO. Consistent with the conversion
of abefore IO > SO condition to an after asynchronous repetitive
pairing IO < SO, the relationship between 10 and SO blink am-
plitude fell below the unity line (Fig. 7E, @), as occurs with pre-
pairing conditions when IO < SO (Figs. 2B, O; 7B, O). These data
indicated that asynchronous repetitive pairing reduced the effec-
tive strength of the IO primary afferent volley more than that of
the SO input. Unlike all other pairing paradigms, asynchronous
repetitive pairing did not significantly modify the facilitation of
blinks evoked by combined IO and SO stimuli regardless of initial
10 strength (I0 < SO, t(55) = 0.45, p > 0.05; IO > SO, t,, =
—1.23, p > 0.05). Asynchronous repetitive pairing also failed to
modify the suppression at the 20 ms ISI in any condition except
for SO modulation of IO blinks when initial IO > SO (Fig. 7F).
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Discussion

The data revealed that plasticity of the IO and SO inputs to the
trigeminal blink reflex followed rules analogous to those demon-
strated by individual synapses. As predicted from associative
plasticity (Hebb, 1949; Paulsen and Sejnowski, 2000; Blair et al.,
2001; Woodin et al., 2003), simultaneous repetitive pairing of a
weak IO and a strong SO input strengthened the weaker input to
the blink circuit (Fig. 3). As with STDP-like mechanisms (Bi and
Poo, 1998; Abbott and Nelson, 2000; Paulsen and Sejnowski,
2000; Bi, 2002), strengthening or weakening an input depended
on the time it occurred relative to activation of the trigeminal
blink reflex circuit. An afferent input arriving during blink circuit
activity was strengthened (Fig. 3), whereas an afferent input ar-
riving after blink circuit activity was weakened (Figs. 5, 6). A
mechanism analogous to metaplasticity postulated to prevent
synapses from being stuck at one end of their range (Bienenstock
et al., 1982; Abbott and Nelson, 2000; Abraham et al., 2001) was
also present in the blink circuit. It was much easier to strengthen
a weak input than a strong one (Figs. 3, 5, 6), and asynchronous
repetitive stimulation relative to blink circuit activity weakened
strong more than weak inputs (Fig. 7).

This interpretation of the pairing data depends on spinal tri-
geminal neurons receiving inputs from both the ophthalmic and
maxillary branches of the trigeminal nerve. Although many spi-
nal trigeminal neuron receptive fields appear to respond to stim-
ulation of only one trigeminal branch, sensitization (Burstein et
al., 1998; Bartsch and Goadsby, 2003) or blocking GABA recep-
tors (Takeda et al., 2000) reveal that a single trigeminal neuron
responds to both ophthalmic and maxillary trigeminal nerve
branches. In the absence of sensitization, wide dynamic range
trigeminal neurons in the blink circuit respond to cornea stimu-
lation and mechanical stimulation of the periorbital and snout
skin (Carstens et al., 1998; Hirata et al., 2000; Henriquez and
Evinger, 2007). Thus, the presence of both ophthalmic and max-
illary inputs to trigeminal neurons provides a potential substrate
for associative plasticity and STDP-like mechanisms for reflex
blinks.

Temporal interactions between the IO and SO inputs to the
blink circuit (Figs. 1, 2) further characterized trigeminal blink
circuit organization. Stimulation of one trigeminal branch pro-
duced a short-lasting suppression followed by a longer-lasting
facilitation of blinks evoked by the other branch of the trigeminal
nerve. The most straightforward interpretation of these data was
that a trigeminal primary afferent volley generated a long-lasting
EPSP in second-order blink circuit neurons and activated inhib-
itory interneurons that produced a shorter duration, feedforward
IPSP on second-order spinal trigeminal neurons. Lo et al. (1999)
demonstrated this pattern in principal trigeminal nucleus neu-
rons of rats in which trigeminal nerve stimulation produced
monosynaptic EPSPs lasting ~100 ms and disynaptic IPSPs last-
ing ~40 ms in second-order trigeminal neurons. Although plas-
ticity occurring at the trigeminal afferent synapses is the simplest
explanation of our data, it is possible that the interactions we
describe occur at multiple trigeminal sites and the reticular
formation.

The time course of blink suppression was a striking difference
between pairing blink evoking stimuli from different branches of
the trigeminal nerve and paired stimulation of the same branch of
the trigeminal nerve. With a pair of SO stimuli, the first stimulus
suppressed the blink evoked by the second stimulus for periods of
300 ms in rats (Powers et al., 1997) and >1000 ms in humans
(Berardelli et al., 1985b; Eekhof et al., 1996; Powers et al., 1997).
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Pairing electrical cornea and SO stimulation also caused long-
lasting suppression of the blink evoked by the second stimulus in
humans, although this suppression was not as long-lasting as
occurs with SO-SO pairing (Berardelli et al., 1985a). An air puff
stimulus combining cornea and SO stimulation suppressed
blinks evoked by a second air puff stimulus for 50 ms in the cat
(Gruart et al., 1995). Interacting reflex blinks evoked by different
modalities (e.g., SO and acoustic stimuli), however, produced a
short-latency suppression followed by a longer latency facilita-
tion (Powers et al., 1997) and anesthetizing the SO did not affect
light-evoked blinks (Trigo et al., 1999). Thus, a trigeminal reflex
blink appeared only to initiate long-lasting suppression of reflex
blinks evoked by the same trigeminal afferents.

The available data indicate that the short-duration suppres-
sion and long-duration facilitation of the blink circuit created by
interacting the IO and SO branches of the trigeminal nerve occurs
in the spinal trigeminal complex, whereas the long-lasting blink
suppression produced by pairing SO inputs happens in the retic-
ular formation portion of the trigeminal reflex blink circuit. First,
primary afferents generate the appropriate pattern of synaptic
activity in second-order trigeminal neurons to account for the
pattern of suppression and facilitation seen with IO and SO tem-
poral interactions (Lo et al., 1999). Second, single-unit record-
ings of second-order corneal responsive neurons in the blink
circuit show that there is no decrease in the response to a second
corneal stimulus, although the blink evoked by the second cornea
stimulus is significantly smaller (Henriquez and Evinger, 2007).
Thus, suppression of the blink evoked by the second of two iden-
tical stimuli must not occur in the second-order trigeminal neu-
rons, but probably occurs within the reticular part of the blink
circuit (Dauvergne et al., 2001; Zerari-Mailly et al., 2001, 2003).

Individuals with HES exhibit involuntary, unilateral contrac-
tions of all of the muscles innervated by the ipsilateral facial
nerve. The most prevalent initial cause of HFS is arterial com-
pression of the facial nerve at its root exit zone (Moller and Jan-
netta, 1984; Nielsen, 1984a,b; Digre and Corbett, 1988). The dis-
ease begins with OO contractions and gradually spreads to other
facial muscles (Auger, 1979; Digre and Corbett, 1988). Hypoth-
eses explaining the symptoms of HFS based on pulsatile arterial
compression include ephaptic transmission after demyelination
(Nielsen, 1984a), chronic orthodromic activation of facial mo-
toneurons that increases motoneuron excitability (Moller and
Jannetta, 1984; Moller, 1987), and elevated motoneuron excit-
ability created by axotomy (Ferguson, 1978). Our study reveals a
mechanism that offers a more comprehensive explanation for the
symptoms of HFS than previous proposals. The arterial pulsation
activating the facial nerve generates simultaneous contraction of
multiple facial muscles. This muscle contraction creates a syn-
chronized burst of afferent feedback into the trigeminal system. If
the long-term simultaneous pairing of trigeminal inputs pro-
duced by this abnormal pattern uses the associative and STDP-
like mechanisms that normally regulate the strength of afferent
inputs to trigeminal reflex circuits, then the trigeminal afferent
feedback from facial muscle cocontraction should strengthen the
weaker inputs and reduce blink suppression (Fig. 3). The abnor-
mal strengthening of weak inputs into trigeminal reflex circuits
accounts for two other characteristics of HFS, synkinesis and
lateral spread. Synkinesis is an inappropriate activation of a mus-
cle not normally excited by stimulation of that branch of the
trigeminal nerve (Auger, 1979). For example, SO stimulation
evoking a contraction of the orbicularis oris muscle of the mouth
with a latency similar to OOemg activation is common in HFS
(Auger, 1979; Kim and Fukushima, 1984; Eekhof et al., 2000).
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This synkinetic pattern is exactly what should occur if associative
and STDP-like mechanisms regulate the strength of afferent in-
puts onto reflex circuits. The normally weak SO input to trigem-
inal mouth reflexes becomes stronger and suppression is lost,
enabling SO stimulation to evoke orbicularis oris contractions.
Clinically, lateral spread appears as a long-latency activation of a
muscle produced by cutaneous stimulation of a branch of the
facial nerve not innervating that muscle (Nielsen, 1984b). Lateral
spread may actually be a variant of synkinesis because cutaneous
stimulation of facial nerves in human patients excites trigeminal
afferents in the skin as well as the deeper motor nerves. Cutane-
ous stimulation exciting trigeminal afferents will activate reflex
circuits. Thus, HFS may co-opt the associative plasticity and
STDP-like mechanisms that normally regulate the strength of
afferent inputs into trigeminal reflex circuits to produce patho-
logical movements.
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