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Abstract

Hemodynamic stress via hypotensive challenge has been shown previously to cause a 

corticotropin-releasing factor (CRF)-mediated increase in tonic locus coeruleus (LC) activity and 

consequent release of norepinephrine (NE) in noradrenergic terminal fields. Although alterations 

in LC-NE can modulate the responsiveness of signal processing neurons along sensory pathways, 

little is understood regarding how continuous CRF-mediated activation of LC-NE output due to 

physiologically relevant stressor affects downstream target cell physiology. The goal of the 

present study was to investigate the effects of a physiological stressor [hemodynamic stress via 

sodium nitroprusside (SNP) i.v.] on stimulus evoked responses of sensory processing neurons that 

receive LC inputs. In rat, the dorsal lateral geniculate nucleus (dLGN) of the thalamus is the 

primary relay for visual information and is a major target of the LC-NE system. We used 

extracellular recording techniques in the anesthetized rat monitor single dLGN neuron activity 

during repeated presentation of light stimuli before and during hemodynamic stress. A significant 

decrease in magnitude occurred, as well as an increase in latency of dLGN stimulus-evoked 

responses were observed during hemodynamic stress. In another group of animals the CRF 

antagonist DpheCRF12–41 was infused onto the ipsilateral LC prior to SNP administration. This 

infusion blocked the hypotension-induced changes in dLGN stimulus-evoked discharge. These 

results show that CRF-mediated increases in LC-NE due to hemodynamic stress disrupts the 

transmission of information along thalamic-sensory pathways by: (1) initially reducing signal 

transmission during onset of the stressor and (2) decreasing the speed of stimulus evoked sensory 

transmission.

1. Introduction

The nucleus locus coeruleus (LC), the largest norepinephrine (NE)-containing cell group in 

the brain, has extensive efferent projections throughout the entire CNS (Grzanna and 
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Molliver, 1980; Swanson and Hartman, 1976). Neurons of the LC display a range of tonic 

firing rates (1–5 Hz) that are linearly related to NE efflux in regions of the brain that receive 

LC projections (Berridge and Abercrombie, 1999; Devilbiss et al., 2006). Increasing 

discharge rates are correlated with increased forebrain EEG activation and increased arousal, 

with the highest rates of discharge associated w/ distractibility or labile attentiveness (Aston-

Jones and Bloom, 1981; Berridge and Foote, 1991; Berridge and Waterhouse 2003). By 

regulating levels of arousal and altering the responsiveness of single neurons and neural 

circuits to synaptic inputs (Devilbiss and Waterhouse, 2002, 2004), the LC-NE system 

modulates the transmission of sensory information within and between noradrenergically-

innervated neural networks and across behavioral states (Berridge and Waterhouse, 2003).

Stress may alter sensory-driven responses of cells in LC terminal fields, as a variety of 

stressors are associated with increased LC-NE output (Curtis et al., 2012; Lechner et al., 

1997; Page et al., 1992; Valentino, 1989). Stressor exposure prompts release of the 

neuropeptide corticotropin-releasing factor (CRF) which activates the LC-NE system (Bale 

and Vale, 2004; Valentino and Van Bockstaele, 2001) and initiates events associated with 

the stress response. Such responses can be attenuated by intra-LC administration of CRF-

antagonist (Curtis et al., 1993, 1994, 1997, 1999, 2012; Lechner et al., 1997). Increased 

tonic output from the LC-NE system is associated with scanning attention, a behavioral 

domain representing an adaptive response to stressors, i.e. serving to facilitate executive 

functions and sensorimotor responses during stress (Valentino and Van Bockstaele, 2008). 

CRF-mediated activation of the LC-NE system therefore provides a means through which 

stress can alter the operation of downstream targets reponsible for sensory signal processing. 

However, the effects of stress-induced activation of the LC-NE pathway on response 

properties of individual neurons in primary sensory circuits have not been determined..

One stressor that has been shown to elicit CRF release and increase LC activity is blood 

volume reduction by hemorrhage (Plotsky and Vale, 1984; Svensson, 1987). A 10–15% 

reduction in blood volume can be mimicked by a rapid drop in blood pressure induced by 

hypotensive challenge, e.g. intravenous (i.v.) administration of the vasodilator sodium 

nitroprusside (SNP) (Valentino, 1989). In the anesthetized rat, infusion of SNP increases the 

tonic discharge of LC neurons 20–30% from baseline, an effect that is correlated with the 

magnitude and onset of the induced hypotension (Valentino and Wehby, 1988; Valentino et 

al., 1991). SNP administration is associated with increased EEG activation (Page et al., 

1993) and increased extracellular NE in LC terminal fields, such as the prefrontal cortex 

(PFC) (Kawahara et al., 1999; Swiergiel et al., 1998). Furthermore, LC activation by 

hemodynamic stress is blocked when a CRF antagonist is infused locally onto the LC prior 

to SNP infusion (Curtis et al., 1994; Valentino et al., 1991).

Acute stress is disruptive to sensory information processing in humans (Clark et al., 1986; 

Ermutlu et al., 2005; Grillon and Davis, 1997; Kilpatrick et al., 2010) and animals (Liu et 

al., 2011; Miyazato et al., 2000; Sutherland and Conti, 2011). However, the pathway(s) and 

mechanism(s) through which stressor-induced disruption of sensory processing occurs have 

not been identified. Although it is well established that hemodynamic stress results in an 

increase in tonic LC discharge and NE release, it remains unclear how this sequence of 

events affects the physiology of neurons in noradrenergic terminal fields, particularly those 

Zitnik et al. Page 2

Brain Res. Author manuscript; available in PMC 2015 August 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



responsible for processing sensory information. The goal of the current study was to connect 

downstream target cell physiology to stress-induced alterations in LC discharge. To this end, 

light flash-evoked responses of rat dorsal lateral geniculate nucleus (dLGN) neurons were 

recorded before and during SNP-induced hypotensive challenge in the anesthetized rat. The 

results show that hemodynamic stress suppresses visual signal processing in the dLGN via 

output from the LC.

2. Results

Action potential waveforms were recorded from the dLGN thalamus in 14 anesthetized 

animals: SNP-treated (n = 8) and CRF-antagonist, DpheCRF12–41, -treated prior to SNP (n = 

6). Confirmation of recording electrode and cannula locations in the dLGN (Fig. 1) and LC 

(Fig. 2), respectively, was conducted post-mortem. All discriminated units were responsive 

to the light stimulus. A total of 54 cells (27 cells in each animal treatment group) were 

deemed suitable for subsequent analysis, i.e. well discriminated, reliable single cell 

recordings - as described in Methods. Multi-neuron waveforms were observed in all animals 

but excluded from further analysis.

2.1 Effects of sodium nitroprusside i.v. on blood pressure

To be confident that the timing and magnitude of the drug-mediated decrease in blood 

pressure were similar to previous findings, mean arterial pressure was recorded before, 

during, and after administration of SNP (i.v., 10 μg/30 μL/min) in a separate group of 

animals (n = 4). This dose/rate of infusion decreased blood pressure significantly below 

baseline levels 3 minutes after the start of infusion, remaining significantly below baseline 

(Repeated Measures ANOVA; F = 15.915 (13, 39) = p < .01) for the duration of drug 

infusion, as observed previously (Curtis et al., 1994; Valentino and Wehby 1988; Valentino 

1989; Valentino et al., 1991). Fig. 3 shows the effect of SNP administration on blood 

pressure for all animals tested in the present study. Blood pressure changes were averaged 

across all subjects and expressed as percentage baseline (pre-SNP). On average, blood 

pressure decreased to 68 ± 12% of baseline at 3 mins after SNP infusion with the maximal 

reduction occurring at 5 minutes after the start of SNP infusion (55 ± 5% of baseline blood 

pressure rate). For all animals tested blood pressure was reduced to 67 ± 13% of baseline 3–

15 min during SNP infusion. The central nucleus of the amygdala is the primary source of 

CRF that activates the LC during this hypotensive challenge (Curtis et al., 2002); 

significantly increasing tonic LC output 3 mins after the start of SNP infusion and remaining 

stably elevated 20–30% above baseline firing until termination of drug administration 

(Curtis et al., 1994; Valentino and Wehby 1988; Valentino et al., 1991).

2.2 Effects of hemodynamic stress on dLGN neuron responsiveness to light stimulus

The cumulative raster plot and PTSHs in Fig. 4 show responses of a single dLGN unit to 

light flash before and during hypotensive challenge. Note that suppression of the evoked 

response occurs 3–6 min after the start of SNP infusion, followed by a return to the control 

level of stimulus-evoked discharge prior to termination of SNP administration, although 

blood pressure remains significantly below baseline levels (see Fig. 3). Across all cells 

recorded from animals receiving SNP infusions, the magnitude of dLGN light-stimulus 
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evoked response was reduced to 54 ± 13% of baseline at 3–6 min after the start of SNP 

infusion and returned to 107 ± 17% of baseline at 12–15 min after the start of SNP infusion. 

Although the majority of cells recorded were suppressed 3–6 min after the start of SNP 

infusion (21/27: 78%), the responses of a small sub-group of cells were increased (4/27: 

15%) or unchanged (2/17: 7%) during hypotensive challenge (Table 1).

Changes in the latency of dLGN evoked responses were also observed over the course of 

hypotensive challenge. For all SNP treated animals, the peak latency of the primary stimulus 

evoked response increased during hypotensive challenge (average: +3 ms from baseline). 

Fig. 4A shows a cumulative raster record for a representative neuron where increased 

latency to stimulus-evoked discharge was observed over the duration of hemodynamic 

stress. Together, these results show that hemodynamic stress suppresses the magnitude and 

increases the latency of thalamic neuron responses to afferent sensory input. While the 

majority of cells recorded displayed an increase in the latency of stimulus evoked discharge 

(16/27: 59%), the latency to response in a sub-set of cells was decreased (9/27: 33%) or 

unchanged (2/17: 7%) during SNP infusion (Table 1).

2.3 Effects of pre-treatment with CRF antagonist on dLGN neuron responsiveness to light 
stimulus

The effect of hypotensive challenge on dLGN neuron responses to visual input was 

prevented in animals pretreated with a direct infusion of the CRF antagonist, DpheCRF12–41 

onto the LC ipsilateral to the dLGN recording site. Based on our previous findings, we 

anticipated that hemodynamic stress would result in a suppression of visual stimulus evoked 

discharges in the majority of dLGN cells 3–6 min after the start of SNP infusion. However, 

across all cells recorded among animals pretreated with DpheCRF12–41, 70% of cells 

showed no significant change in the magnitude of response during SNP administration vs. 

baseline. In the case illustrated in Fig. 5 both the latency (Fig. 5A) and magnitude (Fig. 5B) 

of light-stimulus evoked discharge were unchanged following SNP administration, when 

compared to baseline.

2.4 Treatment and time dependent effects of hemodynamic stress on dLGN neuron 
responsiveness to light stimuli

Using 2-way repeated measures ANOVAs, the effects of treatment (animals solely 

administered SNP vs. those DpheCRF treated prior to SNP) and time (pre-drug baseline vs. 

3–6 min during-SNP, and 12–15 min during-SNP) on the magnitude and latency of dLGN 

evoked responses during hemodynamic stress were analyzed. Magnitude showed a 

significant difference in time (F (2, 51) = 9.846, p < .01) and treatment group (F (2, 52) = 

4.252, p < .05), but not for time*treatment interaction (F (2, 51) = 4.252, p < .01). Latency 

of dLGN evoked responses during hemodynamic stress showed a significant difference in 

time (F (2, 51) = 5.33, p < .01) and treatment (F (2, 51) = 5.224, p < .05), but not for 

time*treatment interaction (F (2, 51) = 1.064, p > .05). A subsequent analysis examined the 

effects of time within each treatment group separately.

Figure 6A shows the effect of hemodynamic stress on the magnitude of dLGN stimulus 

evoked responses versus baseline. Among animals solely administered SNP, a repeated 
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measures ANOVA demonstrated a significant effect over time in the mean magnitude of 

light evoked discharges in the dLGN, i.e. 3–6 and 12–15 min after the start of SNP infusion 

vs. baseline (F (2, 52) = 4.838, p < .05). Post hoc tests confirmed that the decrease in 

magnitude of evoked responses observed 3–6 min after the start of SNP infusion (25.27 ± 

4.83) vs. both baseline (37.11 ± 6.33) and the interval 12–15 min after the start of SNP 

infusion (39.71 ± 6.38) was significant (p < .05 and .01, respectively), Fig. 6A. There was 

no significant change in the duration of the primary stimulus evoked response 3–6 or 12–15 

min after the start of SNP infusion vs. baseline (F (2, 52) = 1.727, p > .05). There was no 

significant difference between baseline and 12–15 min after the start of SNP infusion (p > .

05). Among animals pretreated with DpheCRF, a repeated measures ANOVA determined 

that the mean magnitude of light evoked dLGN responses was not significantly different at 

any time interval examined [baseline vs. 3–6 min after the start of SNP infusion vs. 12–15 

min after the start of SNP infusion (F (2, 52) = 4.175, p > .05)] in CRF-antagonist pretreated 

animals (Fig. 6A).

Figure 6B shows the effect of hemodynamic stress on the latency of dLGN stimulus evoked 

responses versus baseline. Among animals not pretreated with CRF antagonist, a repeated 

measures ANOVA demonstrated a significant effect over time in the mean peak latency of 

these light evoked dLGN responses, i.e. 3–6 and 12–15 min after the start of SNP infusion 

vs. baseline (F (2, 52) = 5.137, p < .05). Post hoc tests confirmed that the increase in latency 

of evoked responses observed 12–15 min after the start of SNP infusion (47 ± 1) vs. baseline 

(44 ± 1) was significant (p < .05), Fig. 6B. There was no significant difference between 

baseline vs. 3–6 min after the start of SNP infusion (45 ± 1) or 3–6 vs. 12–15 min after the 

start of SNP infusion (p > .05, respectively). There was no significant change in onset 

latency of the primary stimulus evoked responses at 3–6 or 12–15 min after the start of SNP 

infusion vs. baseline (F (2, 52) = 2.105, p > .05). Among animals pretreated with DpheCRF, 

a repeated measures ANOVA demonstrated no significant effect over time in the mean peak 

latency of these light evoked dLGN responses, i.e. 3–6 and 12–15 min after the start of SNP 

infusion vs. baseline (F (2, 52) = 5.137, p < .05) among animals pretreated with DpheCRF 

(Fig. 6B).

3. Discussion

Our results show that CRF-mediated activation of the LC-NE system via hemodynamic 

challenge modulates the magnitude and timing of stimulus evoked discharges within 

thalamic sensory circuits in the anesthetized rat. Specifically, hemodynamic stress causes an 

initial suppression of dLGN stimulus evoked discharge and a slight reduction in the speed of 

transmission of these signals through the thalamic visual circuitry. Furthermore, these 

effects were blocked in animals pretreated with CRF antagonist, directly administered to the 

ipsilateral LC prior to SNP administration – demonstrating that these modulatory effects are 

dependent upon stress-induced CRF activation of the LC-NE system. Together, these data 

suggest that during exposure to an internal physiological stressor, such as hypotensive 

challenge, activation of the LC-NE system disrupts and delays the transmission of sensory 

information through primary sensory thalamic circuits. These effects likely contribute to 

impairments in sensory signal processing during stressor exposure.
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3.1 Technical considerations

To date, no studies have employed a physiological stressor to activate the LC while 

characterizing the response properties of downstream sensory neurons. Previous 

investigations in anesthetized rat have shown that dLGN neuron responsiveness can be 

enhanced during and immediately following periods of LC activation. These studies relied 

on electrical stimulation of LC at high frequencies, e.g. 10 Hz (Rogawski and Aghajanian, 

1980, 1982) and 200 Hz (Kayama et al., 1982; Kayama, 1985). These stimulus rates greatly 

exceed normal tonic LC discharge rates (1–5 Hz). Moreover, the periods of activation were 

brief (< 1 min) and episodic, unlike the stressor-induced activation of LC employed here 

(~12 mins). Work from our own laboratory has shown that LC activation can increase NE 

release in the thalamus and enhance VPM thalamic neuron responsiveness (decreased 

response latency and increased signal to noise ratio) to whisker pad stimulation (Devilbiss 

and Waterhouse, 2004; Devilbiss et al., 2006). These studies used low frequency tonic or 

high frequency phasic electrical stimulation of the LC in the waking animal to generate 

output from the LC-NE system, thus the mode of LC activation and subsequent NE release 

was different from that employed in the current studies, i.e. persistent CRF-induced 

elevation of tonic LC output. More recently however, Devilbiss et al. (2012) showed that 

intra-LC administration of CRF (300 ng) suppressed sensory evoked responses among 

ventral posteromedial (VPM) thalamic neurons 0–30 min post-CRF. These results are 

consistent with those found in the current study, i.e. CRF-mediated activation of the LC-NE 

system suppresses downstream target thalamic neuronal responses to sensory stimuli.

In vivo voltammetry and microdialysis studies have reported differences in both the degree 

and timing of NE release in terminal fields following hypotensive challenge via SNP 

administration, unilateral electrical activation of the LC, intra-LC CRF, and 

intracerebroventricular (ICV) CRF administration (Berridge and Abercrombie, 1999; 

Kawahara et al., 1999; Palamarchouk et al., 2000; Swiergiel et al., 1998; Zhang et al., 1998). 

Most notably, Swiergiel et al. (1998), using in vivo voltammetry, showed that i.v. 

administration of SNP causes a large increase in extracellular NE in the medial prefrontal 

cortex (a primary target of the LC-NE efferent system) during (2–8 min post-infusion) 

hemodynamic stress. This initial increase diminishes progressively until termination of 

hypotensive challenge. These changes in terminal field extracellular concentrations of NE 

coincides with a significant increase in tonic LC activity that occurs 3 min after the start of 

SNP infusion (Curtis et al., 1993; 1994; 2001; Valentino et al., 1991). Together, we believe 

the mode of LC activation and subsequent time course of NE release in downstream targets 

(specifically, the abrupt and rapid efflux of NE during onset of the hemodynamic challenge) 

likely accounts for differences in the noradrenergic modulatory effects observed in the 

current study - where the effects are generally suppressive, versus earlier reports where they 

are typically facilitative.

As described above, we believe the initial increase in LC output that occurs as a result of 

stressor exposure causes an immediate and large increase in NE release, resulting in 

suppression of dLGN thalamic neurons to sensory stimuli 3–6 mins after the start of SNP 

infusion. However, we cannot account for latency changes that occur over a different time 

interval, i.e. 12–15 min post-SNP. Prior studies examining the effect of tonic LC activation 
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on downstream sensory neuron responsiveness rely on brief on/off periods of electrical 

activation of the LC (Devilbiss and Waterhouse, 2004; Devilbiss et al., 2006). The current 

study measures sensory evoked discharge during uninterrupted, prolonged activation of the 

LC-NE system via continued exposure to an internal physiological stressor. It remains 

possible that extended tonic activation of the LC (i.e. ~15 minutes) may alter terminal 

release of NE or result in transient sensitization of postsynaptic adrenergic receptors, 

therefore explaining why response magnitude returned to baseline toward the end of drug 

administration, while latency was not significantly altered until 12 minutes after the start of 

hypotensive challenge and 9 minutes after observed increases in tonic LC discharge. As 

revealed in the current study, two measures of neuronal response, magnitude and latency of 

evoked discharge, were altered over the time course of continued LC activation, albeit 

differentially. Further studies are needed to assess moment to moment changes in NE release 

and target cell responsiveness during prolonged periods of LC activation as would occur 

under conditions that mimic naturalistic stressor exposure.

It is important to note that while the majority of cells recorded in the present study were 

modulated in the same way (i.e. suppressed magnitude and increased latency of stimulus 

evoked discharge at 3–6 min after the start of SNP infusion), there was a population of 

thalamic neurons whose responses to light stimuli were either facilitated and/or exhibited a 

decrease in response latency (Table 1). dLGN neurons were examined on a cell by cell basis 

to see if there was any relationship between hypotensive stressor-induced change in 

response magnitude and latency. Cells (n=2) that showed no significant change in response 

magnitude during-SNP vs. baseline also showed no change in latency. Among dLGN 

neurons whose responses were facilitated during hemodynamic stress, half (n=2) exhibited a 

decrease in response latency while the other half (n=2) exhibited an increase in latency. The 

majority of cells (n=14, 67%) whose responses were suppressed during hypotensive 

challenge also exhibited an increase in response latency, while 33% (7 neurons) exhibited a 

decreased latency. This heterogeneous pattern of response modulation is typical of the 

effects of LC output on the response properties of sensory neurons. Prior studies have shown 

that LC activation or local NE application can either enhance or suppress responses of 

individual neurons to sensory input (Devilbiss and Waterhouse, 2004; Foote et al., 1975; 

Manunta and Edeline, 1997). Such mixed effects have also been observed in thalamic 

neurons recorded simultaneously in multi-channel, multi-neuron recording studies 

(Devilbiss and Waterhouse, 2002; Devilbiss et al., 2006). Therefore, we find the differential 

modulation of single cell response properties, as observed in the current experiments, to be 

consistent with the literature regarding LC-NE modulatory effects in sensory circuits.

To be confident that alterations in dLGN responsiveness to light stimuli were due to 

noradrenergic influences from the LC; we were able to block the effects of SNP hypotensive 

challenge on dLGN neurons by applying the CRF antagonist DpheCRF12–41 directly onto 

the ipsilateral LC. There was no topographic relationship between cannula placement and 

observed effects (Fig. 2B–D). Thus, we cannot attribute the observed effects to a particular 

area of LC or peri-coerulear region. While the majority of the LC innervation of dLGN is 

ipsilateral, passing through the dorsal noradrenergic bundle, there is some contribution from 

the contralateral LC (Kromer and Moore, 1980). Because we observed a complete blockade 

of the effects of SNP-induced hemodynamic stress on dLGN response to light stimulus with 
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ipsilateral infusions of antagonist we did not to test the effects of contralateral or bilateral 

antagonist infusion.

Although output from the LC-NE pathway is known to alter the responsiveness of dLGN 

neurons to synaptic stimuli, other neurotransmitters have also been implicated in modulating 

neuronal activity in this nucleus, including: dopamine (Albrecht et al., 1996), serotonin 

(Kemp et al., 1992), and acetylcholine (Kemp et al., 1983). However, dopaminergic 

innervation of the rat dLGN is sparse, if not non-existent (Garcia-Cabezas et al., 2009). 

Serotonin-containing axons from the dorsal raphe nucleus (DRN) project to and modulate 

activity within the dLGN (Pasquier and Villar, 1982). Although central serotonergic neurons 

have been implicated in cardiovascular function (Antonaccio 1984; Kuhn et al., 1980), the 

discharge of serotonin-containing cells in the DRN is not altered significantly in response to 

hemodynamic stress caused by SNP administration (Echizenn and Freed, 1984; Fornal et al., 

1990). Therefore, it seems unlikely that the present results depend on serotonergic DRN-

dLGN projections. Cholinergic innervation of the thalamus arrives from the 

pedunculopontine nucleus (PPN) and laterodorsal tegmental (LDT) nucleus of the brainstem 

(Hallanger et al., 1990; Woolf and Butcher, 1986). There is no evidence to suggest that these 

brainstem regions are activated and release acetylcholine in downstream targets during 

whole animal exposure to an internal physiological stressor such as hypotensive challenge. 

Because the effects of hemodynamic challenge on dLGN neuronal responsiveness to light 

stimuli were blocked following the direct infusion of a CRF antagonist in the LC, we remain 

confident that those alterations were due to stressor-induced activation of the LC-NE 

pathway.

3.2 Functional relevance

The current study investigated how a physiological stressor alters sensory signal processing 

in downstream LC-NE targets. Although only one stressor that activates the CRF-LC axis 

was tested, the results may be generalizable to other stressors that are known to produce a 

CRF-mediated increase in tonic LC output, including: predator odor exposure, and colonic 

or bladder distention (Curtis et al., 1993, 2012; Lechner et al., 1997; Page et al., 1992). 

Previous studies have shown that increased LC output or direct application of NE to single 

cells along sensory pathways facilitates neuronal responsiveness to excitatory and inhibitory 

synaptic inputs according to an inverted-U dose response function (Devilbiss and 

Waterhouse, 2002, 2004; Devilbiss et al., 2006). Optimal levels of NE or LC activation 

produce peak responses in sensory thalamic and cortical neurons to afferent inputs whereas 

higher than optimal levels begin to suppress evoked discharges of recorded neurons, 

eventually to the point of non-responding. In theory (Aston-Jones and Cohen, 2005) such an 

inverted-U dose response relationship provides for broadly tuned neuronal responding 

across a range of behavioral circumstances; i.e. optimal responding during focused attention 

to salient stimuli, and more subdued responding during adaptive responses to changing 

environmental conditions or internal physiological cues. The stressor-induced, CRF 

mediated suppression of sensory signal transmission observed here may be one outcome of 

this inverted-U relationship.
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It is important to note that prior studies identifying the “optimal” degree of LC activation 

(50–60%) for facilitating responsiveness of target neurons to sensory synaptic inputs relied 

on unilateral electrical stimulation of the LC (Devilbiss and Waterhouse, 2004; Devilbiss et 

al., 2006). Hemodynamic stress via hypotensive challenge causes a more moderate (20–

30%) bilateral activation of the LC (Page et al., 1993). Thus, it is difficult to directly 

compare the outcomes of previous LC activation studies and the current work. For example, 

exposure to a physiological stressor causes bilateral activation of the LC and the dLGN 

receives bilateral innervation from the LC (Simpson et al., 1997). Furthermore, exposure to 

a physiologically stressor most likely activates neurons of the LC uniformly, as opposed to 

electrical stimulation – which may activate a sub-region of LC or sub-population of 

noradrenergic cells. Together, these differences in the mode of activating the LC-NE 

pathway likely influences NE release and extracellular neurotransmitter levels which in turn 

dictate the nature of the modulatory actions observed in downstream targets.

Stressor induced activation of the LC-NE pathway by CRF may be maladaptive insofar as it 

yields impaired sensory processing during hemodynamic challenge. Injury can result in 

blood loss, and activation of the stress axis (Plotsky and Vale, 1984). The hypotensive 

challenge used in the present study mimics a hemorrhagic event where 10–15% blood 

volume is lost (Plotsky and Vale, 1984; Svensson, 1987; Valentino, 1989). While this 

amount of blood loss is not life threatening, it does represent a significant physiological 

event; one that is commonly experienced on the battlefield by combat soldiers (Eastridge et 

al., 2011; Kelly et al., 2008; White et al., 2011). Therefore, this study provides insight into 

how blood loss due to injury can impair signal processing at primary sensory relay nuclei, 

specifically how exposure to this type of stressor alters visual signal processing among 

thalamic neurons.

Acute stress is disruptive to sensory information processing in humans (Clark et al., 1986; 

Ermutlu et al., 2005; Grillon and Davis, 1997; Kilpatrick et al., 2010; Shackman et al., 2011) 

and animals (Liu et al., 2011; Miyazato et al., 2000; Sutherland and Conti, 2011). While 

several studies have tested sensorimotor gating via prepulse inhibition (PPI) (Grillon and 

Davis, 2005; Kilpatrick et al., 2010; Liu et al., 2012; Sutherland and Conti, 2011), some 

studies in humans have used visual discrimination tasks, noting that acute stress exposure 

decreases visual sensitivity (Clark et al., 1986) and disrupts focus on task related cues 

(Ermutlu et al., 2005; Shackman et al., 2011). The deficits in sensory signal processing 

observed in the current study were blocked when CRF-mediated activation of the LC was 

prevented by a local infusion of CRF antagonist, suggesting that problems in sensory signal 

processing that arise during exposure to a stressor are due to NE release onto target neurons 

following CRF-mediated activation of the LC. Preventing this activation of the LC-NE 

system prior to stressor exposure could reverse the detrimental effects of stress conditions on 

sensory signal processing. Furthermore, LC and CRF dysfunction are implicated in several 

stress-related disorders (Asnis and Van Praag, 1995; Aston-Jones et al., 1994; Bakshi et al., 

2012; Bremner et al., 1996, 1997; Curtis et al., 1999; Dunn and Berridge, 1990), thus 

accounting for problems in sensory processing among those affected with these disorders.
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4. Materials and Methods

4.1 Animals

The subjects, adult male Sprague-Dawley rats (Taconic Farms, Inc.; Hudson, NY) weighing 

250–400 g, were housed two to a cage in a temperature and humidity controlled 

environment with ad libitum food and water. The animal facility was maintained at 21°C 

with a 12/12-hr light/dark cycle with the light period beginning at 7:00 am. All procedures 

were conducted in accordance with the NIH Guide for Care and Use of Laboratory Animals. 

All protocols were approved by the Drexel University College of Medicine Intuitional 

Animal Care and Use Committee.

4.2 Experimental protocol

Animals were allowed to acclimate to the animal facility for at least one week before 

surgery. The day of surgery, animals were anesthetized with isoflurane (induction at 4%, 

maintenance at 1–2%). Catheterization of the jugular vein was performed for administration 

of SNP, using PE 10 tubing filled with 0.9% sterile saline (NaCl) solution. After 

catheterization was performed, the animal was positioned in a stereotaxic apparatus with the 

skull flat, and allowed to breathe spontaneously. The body temperature of the animal was 

monitored using a rectal probe and maintained at 37°C by a heating pad. Anesthesia was 

maintained throughout the surgery, such that animals were not responsive to foot pinch and 

the breathing was slow and regular. A burr hole was drilled (−4.8 AP, +4.1 ML) over the 

dLGN (Paxinos and Watson, 1982) (Fig. 1). A RadioShack© white, clear lens LED light 

(luminous intensity: 1100mcd, chromaticity coordinates: 660, viewing angle: 100 deg) 

connected to a Grass Instruments© S44 stimulator (Quincy, Mass.) was placed in front of the 

contralateral eye to ensure the majority of the retina is illuminated. The light was flashed 

continuously at twice per second for 20 ms duration. Room lights were turned off and an 8-

channel multi-wire (.0015″ formvar insulated nichrome wire, A-M Systems©) recording 

electrode was then lowered into the brain (−4.0 DV). The electrode’s final location was 

determined by electrophysiological verification that the recording contained cells 

characteristic of LGN cell firing during evoked stimulus light flashes. Electrode signals were 

passed through a high input impedance amplifier (Plexon© MAP system; Dallas, TX) and 

monitored continuously online through Plexon© Sort Client. Once cells of the dLGN were 

identified, they were recorded and stored on a disk for subsequent analysis to build peri-

stimulus time histograms (PTSHs) and raster records of neuronal activity. Each recording 

session consisted of a 10 min period of recording of evoked activity pre-drug, followed by a 

15 min period of continuous i.v. infusion of SNP (10 μg/30 μL/min). The dose and rate of 

infusion of drug were chosen based on previous studies showing that this magnitude and 

duration of hypotensive challenge causes a CRF-mediated increase in tonic LC discharge 

(20–30%) in the anesthetized rat (Valentino 1989; Valentino et al., 1991).

4.3 Microinfusion of D-PheCRF12–41

In another group of animals, 10 ng of D-PheCRF12–41 in 100 nl of artificial cerebral spinal 

fluid (aCSF), was administered locally onto the LC ipsilateral to the dLGN recording site 

(Lambda: AP −10.0 mm, ML +1.2 mm, DV −5.1 mm), using a 31 gauge cannula, 6 mins 

prior to SNP infusion. Microinfusions of this drug directly onto the LC have been shown 
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previously to prevent CRF-mediated activation of the LC during SNP administration (Curtis 

et al., 1994). At the conclusion of these experiments, cannula location was marked by a 100 

nL infusion of 2% pontamine skye blue dye and examined post-mortem (Fig. 2).

4.4 Histology

Placements of the recording electrode within the dLGN thalamus and infusion cannula 

within the LC were verified histologically. Animals were perfused with 0.9% saline 

followed by a 10% formalin solution. After euthanasia, the brains were removed, stored for 

48 hrs in phosphate buffer solution containing 20% sucrose, sectioned, and stained with 

neutral red in order to verify electrode and cannula locations. Only data from animals where 

drug infusions and unit recording were confirmed in the LC and dLGN, respectively, were 

included in this analysis.

4.5 Extracellular recording and analysis

Extracellular activity was recorded continuously in the dLGN before, during, and after 

presentation of the brief light stimulus (described above). Multichannel Acquisition 

Processor hardware and Real time Acquisition System Programs for Unit Timing In 

Neuroscience (Plexon, Dallas, TX) were used to amplify, discriminate, and record electrical 

activity from putative single neurons or “units” of the dLGN. Individual units were 

discriminated in real time from background activity using a template-matching algorithm. 

After the experimental session was concluded, the waveforms for each discriminated unit 

were reexamined with respect to pre-established criteria to verify that individual waveforms 

originated from a single cell. These off-line criteria included characterization of unit 

waveform properties and spike train discharge patterns, specifically: peak voltage of the 

waveform, waveform slopes, scattergram of the waveform’s first two principal components 

(PCs), spike train auto-correlegram, and interspike interval histogram. The combined on-line 

discrimination and off-line sorting procedures provide a high level of assurance that 

recorded waveforms represented continuous spike train activity from individual neurons.

Computer-generated cumulative rasters and Peri-Stimulus Time Histograms (PSTHs) were 

constructed from the data recorded from each cell in order to characterize and quantify unit 

responses to light stimuli before and after hypotensive challenge. The spontaneous firing 

rate, baseline magnitude and latency of light evoked responses of each cell were determined 

during a 10 minute recording prior to SNP administration. Any baseline activity observed 

prior to the stimulus evoked discharge was subtracted from the primary stimulus response. 

Although unit activity was recorded throughout the period following drug administration, 

drug effects were routinely assessed 3–6 and 12–15 min during SNP administration for all 

neurons studied, as these time points corresponded with drug-mediated changes in blood 

pressure and stressor-mediated changes in LC-NE output (Kawahara et al., 1999; Swiergiel 

et al., 1998; Valentino and Wehby, 1988; Valentino, 1989; Valentino et al., 1991). Onset of 

the stimulus evoked response was identified as the first of two consecutive bins in the PSTH 

(bin size = 1 ms) with firing frequencies one standard deviation above baseline firing rate. 

Offset of the response was declared when firing rate fell below one standard deviation above 

the initial baseline firing rate for two consecutive bins in the PSTH. The primary stimulus 

evoked response was then identified as the height of the tallest bin between this onset and 
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offset. Changes in the magnitude and timing of light evoked discharges were quantified by 

comparing discharge rates and onset/offset times for equivalent histograms generated for 

each neuron. The following values were calculated from PSTH’s in order to characterize the 

effect of hemodynamic stress on stimulus evoked discharge of individual dLGN neurons: (1) 

the peak amplitude (impulses/sec) of the primary stimulus-evoked discharge, (2) the 

duration of the stimulus evoked discharge (time between onset and offset of the response), 

(3) the mean latency of the peak response (ms), and (4) the onset latency of the primary 

stimulus response (ms) before and after SNP infusion.

All statistical tests were conducted using SPSS (version 19). Initially, data were analyzed 

using a two-way repeated measures ANOVA (time as a repeated factor and treatment as a 

fixed factor). Subsequently, drug-mediated changes in magnitude, duration, peak latency, 

and onset latency of stimulus evoked responses were compared to baseline using a one-way 

repeated measures analysis of variance (ANOVA). Bonferroni-corrected follow up paired t-

tests were made to compare individual time segments to baseline values. In animals 

pretreated with CRF antagonist prior to hypotensive challenge, the same methodology and 

statistical analysis were used in order to determine significance in characterizing the effect 

of hemodynamic stress on the magnitude and latency of stimulus evoked discharges among 

single dLGN thalamic neurons before and after SNP infusion.

In addition to the analysis described above, in which all cells in each treatment group were 

analyzed together, differences in the magnitude of evoked response were examined 

individually for each single cell 3–6 min. This analysis was conducted in order to observe 

any possible variation in modulatory effects hemodynamic stress may have among 

subpopulations of dLGN neurons. For each cell, the SEM of response magnitude was 

calculated from the pre-drug baseline firing frequency. The response of each cell was then 

compared 3–6 min after the start of SNP infusion to observe if the magnitude was within, 

one SEM of this baseline value. Cells were deemed “facilitated,” “suppressed,” or 

“unchanged” – based on whether the magnitude had increase above, decreased below, or 

stayed within the baseline ± one SEM 3–6 min during-SNP, respectively. The same analysis 

was conducted for latency of dLGN evoked response 12–15 min during-SNP vs. baseline.

In a separate population of animals (n = 4), the mean arterial pressure was recorded min-to-

min before, during, and following SNP infusion by a digital display blood pressure 

transducer (BP1, WPI©) connected to a catheter in the femoral artery, using PE 100 tubing 

filled with 0.9% sterile NaCl solution. These data were combined with statistical 

significance determined using one-way repeated measures ANOVA with Bonferroni post-

hoc for individual comparisons to baseline (pre-SNP infusion) values.

4.6 Drugs

Sodium nitroprusside (Sigma-Aldrich Co., St. Louis, MO) was dissolved in saline on the day 

of the experiment. D-PheCRF12–41 was supplied by Tocris Bioscience© with permission of 

The SALK Institute (San Diego, CA).
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Highlights

• We examined how hemodynamic stress alters sensory processing in rodent 

thalamus.

• dLGN single unit responses to light stimuli were recorded in the anesthetized 

rat.

• A decrease in the magnitude and increase in latency of response were observed.

• Stressor-induced changes were blocked in animals pretreated with CRF-

antagonist.

• CRF-mediated activation of LC-NE suppresses thalamic sensory transmission.
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Figure 1. 
Brightfield photomicrograph of a section through the dLGN showing histological 

verification of the electrode recording site. The section is counterstained with neutral red. 

vLGN, ventral lateral geniculate nucleus; VPM, ventral posteriomedial thalamus. * denotes 

location of microwire bundle protruding from the 26 GA guide cannula.
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Figure 2. 
A. Brightfield photomicrograph of a section through the LC showing histological 

verification of the ipsilateral injection site. The section is counterstained with neutral red. 

4V, fourth ventricle; cb, cerebellum. B–D: Plots of DpheCRF microinfusion sites. Shown 

are rat brain atlas representative sections of the LC. “X” represents the location of the 

individual cannula placements. B. −9.8 bregma, C. −10 bregma, D. −10.3 bregma
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Figure 3. 
Time course of SNP effects on blood pressure across the population of animals recorded (n 

= 4). The x-axis represents time before and after SNP infusion. Time of SNP infusion is 

indicated by the bar (0 to 15 minutes). Each point is mean blood pressure expressed as 

percentage of the mean pre-SNP blood pressure. Note the significant decrease in blood 

pressure occurring 3 min during-SNP (p < .05). Blood pressure remains significantly below 

baseline levels for the duration of drug infusion
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Figure 4. 
An example of the effects hemodynamic stress has on the responsiveness of a dLGN neuron 

to light stimuli. X-axis time zero represents onset of stimulus (light flash). The light was 

presented 1/500 ms (twice per second) for 20 ms duration. Note the marked decrease in 

evoked dLGN discharges 3–6 min post-drug, coinciding with a significant decrease in blood 

pressure. Also note the increase in response latency during hypotensive challenge. A. 

Cumulative raster plot illustrating the stimulus evoked discharges from a single dLGN 

thalamic neuron before, during, and after hypotensive challenge via i.v. SNP administration. 

The y-axis represents recording time. Dotted lines denote onset and termination of SNP-drug 

infusion. B. Peri-stimulus time histograms (PSTHs) illustrating the light evoked discharge of 

a single dLGN neuron before drug (int1), 3–6 min SNP (int2), and 12–15 min SNP (int3). 

These intervals were chosen as a representative of the effect of hemodynamic stress on 

dLGN activity. The x-axis represents time (ms). The y-axis represents the magnitude of 

evoked responses, based on frequency of dLGN firing (impulses/sec). The vertical dotted 

line represents the mean peak response latency at baseline.
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Figure 5. 
An example of the response of a single dLGN neuron to light stimuli in animals pre-treated 

with an ipsilateral intra-LC infusion of CRF-antagonist, DpheCRF, prior to hemodynamic 

stress. X-axis time zero represents onset of stimulus (light flash). The light was presented 

1/500 ms (twice per second) for 20 ms duration. Note that the latency and magnitude of 

response to the light stimulus remains unchanged despite hypotensive challenge. These 

results provide evidence that any changes observed in dLGN responsiveness during 

hemodynamic stress is due to a CRF-mediated activation of the LC. A. Cumulative raster 

plot illustrating the stimulus evoked discharges from a single dLGN thalamic neuron before, 

during, and after hypotensive challenge via i.v. SNP administration. Dotted lines denote 

onset and termination of SNP-drug infusion. B. Peri-stimulus time histograms (PSTHs) 

illustrate the effect of hemodynamic stress on visually evoked dLGN thalamic in animals 

pretreated with CRF-antagonist. Stimulus-evoked discharge of a single dLGN neuron before 

drug (int1), 3–6 min SNP (int2), and 12–15 min SNP (int3). The x-axis represents time (ms). 

The y-axis represents the magnitude of evoked responses, based on frequency of dLGN 

firing (impulses/sec).
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Figure 6. 
Summary of the effects of hemodynamic stress on magnitude and latency of light evoked 

dLGN responses. All data are expressed as percentage of mean control (pre-SNP) discharge 

rate. The time segments represented on the x-axis were chosen to illustrate the primary 

effect of hemodynamic stress on dLGN responsiveness to the light stimulus. Each point is 

the mean of all cells recorded among animals solely administered SNP (solid line: 27 cells, n 

= 8) or DpheCRF-pretreated animals + SNP (dotted line: 27 cells, n = 6). Vertical lines 

indicate ± 1 SEM. Note that both effects on the magnitude and latency of dLGN responses 

not evident among cells recorded in animals pretreated with the CRF antagonist, DpheCRF. 

A. The effect of hemodynamic stress on the magnitude of light-evoked dLGN neuronal 

responses. Note the marked decrease in magnitude of dLGN evoked activity 3–6 min 

during-SNP, returning to within baseline 12–15 min during-SNP, despite continuous 

infusion of drug and significantly low blood pressure. B. The effect of hemodynamic stress 

on the latency of light-evoked dLGN neuronal responses. Note the increase in response 

latency throughout the duration of hemodynamic stress, becoming significant 12–15 min 

during-SNP. Magnitude data were analyzed using repeated measures ANOVA w/ 

Bonferroni corrections for individual comparisons with pretreatment values (* p < .05). 

Latency data were analyzed using paired samples t-test for individual comparisons with 

pretreatment values (* p < .05).
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Table 1

Summary of hemodynamic stress effects on responsiveness of dLGN neurons

Summary of the individual effects of hemodynamic stress on single cell responses to light stimuli. dLGN cell 

responses were categorized according to the nature of the neuromodulatory effects observed during 

hemodynamic stress when compared to baseline. Facilitation or suppression in magnitude and increase or 

decrease in latency was declared if each single cell increased or decreased 1 SEM of avg. baseline magnitude/

latency during hypotensive challenge.

Response # of Cells % Total Avg Change From Baseline

Magnitude: −46 ± 14%a

 Suppression 21 −78% −54 ± 11%

 Facilitation 4 −15% +19 ± 64%

 No effect 2 −7% 0%

Latency: +3 ± 1 msb

 Increase 16 −59% +7 ± 1 ms

 Decrease 9 −33% −4 ± 3 ms

 No change 2 −7% 0%

a
Average change in the magnitude of response 3–6 min post-SNP vs. baseline across all cells recorded

b
Average change in response latency 12–15 min post-SNP vs. baseline across all cells recorded
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