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Abstract
There is mounting evidence that neonatal animals exposed to nicotine in the prenatal period exhibit
a variety of anatomic and functional abnormalities that adversely affect their respiratory and
cardiovascular control systems, but how nicotine causes these developmental alterations is unknown.
The principle that guides our work is that PNE impairs the ability of nicotinic acetylcholine receptors
(nAChRs) to modulate the pre-synaptic release of both inhibitory (particularly GABA) and excitatory
(glutamate) neurotransmitters, leading to marked alterations in the density and/or function of
receptors on the (post-synaptic) membrane of respiratory neurons. Such changes could lead to
impaired ventilatory responses to sensory afferent stimulation, and altered breathing patterns,
including central apneic events. In this brief review we summarize the work that lead to the
development of this hypothesis, and introduce some new data that support and extend it.

1. Introduction
Nicotine is a neuroteratogen that crosses the blood brain barrier and alters brain development
in mammals (Slotkin, 1998). Neonatal mammals that are nicotine exposed in utero show
abnormalities in central ventilatory control, such as reduced ventilatory output (Huang et al.,
2004; St-John and Leiter, 1999), altered breathing pattern (Fewell et al., 2001; Hafstrom et al.,
2002; Huang et al., 2004), increased apnea frequency (Fewell et al., 2001; Huang et al.,
2004) and duration (Froen et al., 2002), delayed arousal in response to hypoxia (Hafstrom et
al., 2000; Lewis and Bosque, 1995), decreased sensitivity to hypoxia (Bamford and Carroll,
1999; Bamford et al., 1996; Fewell et al., 2001, 2001; Froen et al., 2002; Hafstrom et al.,
2005; St-John and Leiter, 1999) and diminished capacity for autoresuscitation following severe
hypoxic exposure (Fewell and Smith, 1998; Froen et al., 2000), but we do not understand how
prenatal nicotine exposure (PNE) causes these abnormalities. This is despite epidemiological
findings showing that exposure to tobacco smoke is now the number one risk factor for the
sudden infant death syndrome (SIDS), accounting for approximately one-third of all SIDS
deaths (Anderson et al., 2005; Mitchell and Milerad, 2006). Here, we develop a working model
that serves as a template for testing hypotheses that may lead to a deeper understanding of how
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PNE leads to the ventilatory abnormalities commonly observed in nicotine-exposed human
neonates.

2. Prenatal nicotine exposure in animal models
The majority of the studies that we review here are based on animal models where PNE is
achieved by implanting an osmotic minipump into pregnant dams on the 4th or 5th day of
gestation. The pump delivers nicotine (usually as nicotine bitartrate, but see review by
(Hafstrom et al., 2005) at doses that can be selected by the investigator. Typical doses are in
the range of 6 mg/kg/day of nicotine bitartrate, which produces plasma levels of free nicotine
of about 24 ng/ml (roughly 150 nM) in neonates and 18 ng/ml (111 nM) in pregnant dams
(Chen et al., 2005). These levels are within the range (15–45 ng/ml) observed in the blood of
pregnant women described as moderate smokers (Benowitz and Jacob, 1984), and in the
amniotic fluid of smoke-exposed human fetuses (Luck et al., 1985). Since higher doses of
nicotine are needed to elicit the same teratogenic effects in rat compared to man (Lichtensteiger
et al., 1988; Slotkin, 1998), the dosing regimens typically used in rat models are reasonable,
and provide a good model of the effects of nicotine exposure on fetal development and
physiology in humans.

The osmotic minipump results in steady levels of plasma nicotine which has led some to suggest
that continuous infusion is a poor model of nicotine exposure in human smokers, because
smoke exposure is episodic. However, Benowitz and colleagues (Benowitz et al., 2002) have
shown that smokers tend to maintain a constant blood level of nicotine throughout the day. In
addition, humans routinely use transdermal nicotine patches, resulting in steady-state levels of
the drug thus mimicking the actions of the osmotic minipump. Moreover, when nicotine is
administered episodically by repeated daily injections, the physiological effects and steady-
state blood levels are quite similar to those obtained with the infusion model (Slotkin, 1998,
2004).

Nicotine is one of over 3,000 chemicals found in tobacco smoke, so it is fair to ask if the nicotine
infusion model is relevant for simulating the physiological effects of tobacco smoke. It has
been demonstrated that exposure to tobacco smoke or nicotine infusion results in a similar up-
regulation of primate nicotinic acetylcholine receptors (nAChRs) in the cortex and brainstem
(Slotkin, 2004; Slotkin et al., 2002; Sugiyama et al., 1985), suggesting that nicotine is the major
neuroteratogen in tobacco smoke. Moreover, daily exposure to cigarette smoke complicates
interpretation of the data because it is very stressful to the pregnant dams, as indicated by
marked increases in autonomic nervous system activity that is manifest as hypertension (Houdi
et al., 1995), increased brainstem catecholamine release (Suemaru et al., 1992), hyperactivity
(Suemaru et al., 1992) and gastric mucosal ulceration (Chow, 1997).

Another important issue is that most investigators use a 28-day osmotic pump, and since
parturition in the rat occurs on gestational day 21, the pump continues to supply nicotine to the
neonates through postnatal suckling. However, nicotine-induced alterations in brain
development are identical in animals that are nicotine exposed both prenatally and postnatally,
and animals that are nicotine-exposed prenatally, but removed from the dam following birth
(Slotkin et al., 1993). Moreover, most women that smoke while pregnant will either continue
to smoke after parturition, or may expose themselves and their infant to nicotine via transdermal
patches or nicotine gum (DiFranza and Lew, 1995; Fingerhut et al., 1990). Thus, the continued
postnatal nicotine exposure via suckling accurately simulates the effects of maternal smoking
on brain development in human neonates. In conclusion, we believe that the nicotine infusion
model closely simulates the adverse effects of maternal smoking on development, while at the
same time avoiding some of the adverse effects associated with other methods of exposure.
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3. Prenatal nicotine exposure and fast inhibitory neurotransmission
Recent studies show that PNE alters synaptic transmission in neurons that control the heart
and respiratory muscles. To date, most of the studies have focused on the GABAA receptor,
the glycine receptor and the nicotinic cholinergic receptors. There is substantial evidence
showing that PNE leads to an up-regulation of pre-synaptic nAChRs on GABAergic
(Covernton and Lester, 2002; Fisher et al., 1998; Neal et al., 2001; Neff et al., 2003; Zhu and
Chiappinelli, 2002, 1999) and glycinergic (Lim et al., 2000) neurons. Excitation of these pre-
synaptic receptors increases the release of GABA and glycine onto cerebellar, midbrain and
brainstem neurons, with resultant changes in receptor density or function (Barazangi and Role,
2001; Luo, 2004; Magata et al., 2000; Meier et al., 1984; Slotkin et al., 2002; Zhu and
Chiappinelli, 2002, 1999). Nonetheless, subsequent de-sensitization of these receptors leads
to a diminished release of GABA and glycine (Aramakis et al., 2000; Covernton and Lester,
2002; Radcliffe et al., 1999). These observations, made in non-respiratory regions of the brain,
suggest that the decreased release of GABA (and glycine) from GABAergic interneurons may
lead to an increased expression and/or functional efficacy of GABAA receptors on the
postsynaptic cell (see Section 5, below).

Recent observations demonstrating PNE-mediated changes in GABAergic control of cardiac
parasympathetic neurons in the medulla of neonatal rats are consistent with the observations
discussed above. Normally, the frequency of GABAergic and glycinergic synaptic events
increases during the inspiratory phase in rodent inhibitory parasympathetic neurons in nucleus
ambiguous (Neff et al., 2003), which leads to the rise in heart rate observed during inspiration
in vivo. However, the respiratory-modulated increase in the density of GABAergic inhibitory
post synaptic currents was blocked by antagonism of nicotinic acetylcholine receptors
(specifically, the α4β2 subunit of the receptor), consistent with nicotinic modulation of
GABAergic inputs to respiration-related neurons (see below). PNE was found to enhance the
respiratory-modulated increase in GABAergic synaptic events in these cardioinhibitory
neurons, suggesting that PNE may exaggerate the respiratory sinus arrhythmia (Neff et al.,
2003).

Initial experiments from our own laboratory show that the slowing of respiratory rhythm by
bath application of GABAA receptor agonists to the brainstem compartment of the brainstem-
spinal cord preparation of neonatal rat was significantly greater in PNE animals compared to
saline-exposed controls (Luo et al., 2004). These data showed that the response of GABAA
receptors to an exogenous agonist was markedly enhanced, and could be due to an increased
receptor density and/or an increase in the functional efficacy of the receptors on the
postsynaptic membrane of respiratory neurons involved in the control of breathing frequency.
More recent data show that PNE enhances glycinergic inhibition of the respiratory rhythm as
well (Luo et al., 2007), suggesting an up-regulation or functional enhancement of glycine
receptors. To further isolate the brainstem region responsible for these effects on the frequency
of respiratory motor output, we microinjected muscimol or glycine into the preBotzinger
complex, and transient apnea ensued (see Fig. 1). Importantly, the duration of the apneic period
evoked by either glycine or muscimol was significantly greater in animals that were nicotine
exposed in utero (Luo et al., 2007). These observations suggest that PNE enhances synaptic
inhibition in brainstem neurons, including those involved in the central control of breathing
frequency. These pharmacologic findings are consistent with recent immunocytochemical
studies showing an up regulation of the alpha-3 subunit of the GABAA receptor in the
preBotzinger complex of nicotine-exposed animals (Fregosi, 2008).
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4. Influence of PNE on respiratory-related nicotinic cholinergic
neurotransmission

Nicotinic acetylcholine receptors (nAChRs) are common throughout the central and peripheral
nervous systems, and they are all ligand-gated non-specific cation channels. In contrast to
peripheral nAChRs (i.e., those in muscle) many of the nAChRs in the mammalian central
nervous system are located on presynaptic terminals of GABAergic, glycinergic,
glutamatergic, dopaminergic, catecholaminergic and serotonergic neurons (Barazangi and
Role, 2001; Dajas-Bailador and Wonnacott, 2004; Hsieh et al., 2002; Vizi and Lendvai,
1999) (see Fig. 3). When acetylcholine (or nicotine) binds to presynaptic nAChRs the
membrane potential increases, calcium channels open, and the presynaptic neuron releases
neurotransmitter into the synaptic cleft. In this manner, neuronal nAChRs in the brain are well-
positioned to modulate the pre-synaptic release of GABA, glycine, glutamate, serotonin,
dopamine and norepinehprine (for review, see (Vizi and Lendvai, 1999; Wonnacott et al.,
2005)), with complex effects on the postsynaptic neuron’s membrane potential. As a result of
their modulatory role and widespread expression, a thorough understanding of neuronal
nAChR function in the control of breathing has been elusive. In this section of the review, we
focus on the role of nAChRs in respiratory-related neurotransmission in the brainstem with
particular emphasis on the alterations in nicotinic cholinergic control that occur in response to
PNE.

4.1. Central nAChRs and their role in the control of breathing
In general, central mammalian neurons express several pentameric combinations of alpha and
beta nAChR subtypes made up of α2-α6 and β2-β4 subunits, and also homomeric nAChR
subtypes composed of the α7-α9 subunits (Colquhoun and Patrick, 1997; Dani, 2001; Dani and
Mayer, 1995; Le Novere and Changeux, 1995; Patrick et al., 1993). However, most of the
nAChRs expressed in the mammalian brain are the heteromeric α4β2 subtype and homomeric
α7 subtype, with the α4β2 subtype accounting for most (>90%) of the high-affinity binding
sites in the brain (Brody et al., 2006; Flores et al., 1997). Similarly, in the ventrolateral
medullary respiratory column, the majority of nAChRs expressed are α4β2 heteroreceptors
and α7 homomeric receptors (Dehkordi et al., 2005; Quitadamo et al., 2005; Shao and Feldman,
2002). In vitro pharmacological and electrophysiological data show that the dominant nAChR
subtype in preBötzinger complex inspiratory neurons is the α4β2 heteroreceptor (Hatori et al.,
2006; Shao and Feldman, 2002). Genetic manipulations that mutate specific nAChR subunits
also support a role for α4β2 nAChRs in breathing regulation. For example, both preBötzinger
complex inspiratory neurons and hypoglossal motoneurons are hypersensitive to exogenous
nicotine or acetylcholine in knock-in animals containing a point mutation in the M2 pore lining
region of the α4 nAChR subunit (Shao et al., 2008). These data are consistent with earlier
studies showing that the α4β2 heteroceptor could explain entirely the nicotine-induced increase
in respiratory frequency recorded from hypoglossal motoneurons in a brainstem slice
preparation (Shao and Feldman, 2002, 2001). Interestingly, two-day-old knockout mice
lacking the β2 subunit of the nAChR had greater rates of pulmonary ventilation, a reduced
ventilatory decline during acute exposure to hypoxia and a shorter arousal latency than wild-
type littermates (Dauger et al., 2004). These data suggest that nicotinic receptors containing
the β2 subunit normally reduce ventilatory output in freely behaving mice. However, the
mutation of the β2 nAChR subunit in these animals is systemic, affecting not only all brainstem,
spinal and ganglionic neurons, but also chemosensitive cells in the carotid body, so we do not
know if the ventilatory effects were mediated centrally or peripherally. Moreover, based on
the above discussion regarding presynaptic release of both excitatory and inhibitory
neurotransmitters, it is clear that establishing the mechanisms behind phenotypic changes in
freely behaving genetically altered mice is a daunting task.
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Finally, although the consensus is that homomeric α7 nAChRs do not play a major role in the
control of breathing, there is some evidence suggesting that this view may be overly simplistic.
For example, recent studies using retrograde tracers and double receptor
immunohistochemistry showed that α7 nAChRs are more common in the preBötzinger
complex region than electrophysiological studies would suggest (Dehkordi et al., 2004). These
investigators showed that 57% of neurokinin-1 receptor expressing neurons in the preBötzinger
region also labeled for the α7 nAChR. Perhaps α7 nAChRs do not modulate drive to
preBötzinger complex neurons directly, but instead modulate their discharge in complex ways
that have yet to be resolved, including presynaptic modulation of neurotransmitter release.

4.2 Acute effects of nAChR stimulation by exogenous nicotine
The effects of exogenous nicotine applied to the brainstem or through the bloodstream have
been studied in a variety of experimental preparations, and results confirm an overall excitation
of central ventilatory output. Intravenous infusion of nicotine into anesthetized cats produces
a three-fold increase in parasternal intercostal muscle activity as well as a two-fold increase in
phrenic nerve activity, consistent with a global increase in respiratory drive (Kopczynska and
Szereda-Przestaszewska, 1999). An increased respiratory drive following the administration
of nicotine is also supported by experiments using more reduced preparations. For example,
bath application of nicotine to brainstem slices enhances an excitatory, tetrodotoxin-insensitive
inward current in hypoglossal motoneurons (Chamberlin et al., 2002; Robinson et al., 2002;
Shao and Feldman, 2001). Similarly, nicotine increased the frequency of inspiratory bursts in
brainstem/spinal cord or slice preparations from neonatal mice (Chatonnet et al., 2003) and
rats (Robinson et al., 2002; Shao and Feldman, 2001, 2002). These effects of acute nicotine
application were shown to be due to presynaptic mechanisms, because nicotine failed to change
the current flow into voltage-clamped preBotzinger complex neurons studied during blockade
of synaptic transmission with tetrodotoxin (Shao and Feldman, 2001). Thus, it is likely that
the excitatory influence of nicotine on preBotzinger complex neuron depolarization (and hence
the associated increase in the frequency of respiratory motor output) is due to the pre-synaptic
release of glutamate from glutamatergic neurons, an effect that is likely mediated by the
α4β2 nAChR subtype (see above, and Section 3.3, below).

4.3. Effects of prenatal nicotine exposure on the nicotinic control of breathing
Data on the influence of chronic nicotine exposure on the density, structure and functional state
of nAChRs in respiratory-related regions of the vertebrate brainstem is limited. This is despite
many studies examining this topic in other brain regions and model expression systems (for
review, see (Fregosi, 2008; Gentry and Lukas, 2002)). Here, we summarize new data that
addresses two simple but important questions regarding the influence of PNE on nAChR-
mediated control of central ventilatory output: 1) does PNE alter the respiratory motor response
to exogenous nicotine? 2) which of the dominant nAChR subtypes (i.e., α4β2 and α7) is most
influenced by PNE? With regard to the first question, we have shown (Fig. 2) that PNE greatly
reduces the nicotine-induced increase in respiratory-related C4 ventral root nerve burst
frequency in the en bloc brainstem spinal cord preparation ((Pilarski and Fregosi, 2008).
Nicotine application increased the C4 ventral root nerve burst frequency by over 200% in
saline-exposed control animals, but only about 150% percent in the nicotine-exposed neonates
(we studied approximately 45 saline-exposed and 45 nicotine-exposed neonatal rats). These
data suggest that PNE diminishes excitatory, nAChR-mediated neurotransmission in
medullary regions that are involved in the control of breathing frequency, particularly the
preBotzinger complex. As discussed above, nicotine likely exerts its effects by increasing the
pre-synaptic release of glutamate, which brings the preBotzinger complex neuron membrane
potential to firing threshold more rapidly, leading to the increase in the frequency of respiratory
motor output (Shao and Feldman, 2001). Thus, our data strongly suggest that PNE is associated
with a reduction in the pre-synaptic release of glutamate that normally occurs when nicotine
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binds to pre-synaptic nAChRs located on the terminals of glutamatergic neurons (explained in
Section 5, below).

Additional experiments were designed to determine if α4β2 or α7 nAChR subtypes underlie
the observed decrease in nicotine-mediated excitatory neurotransmission, since these are the
dominant forms of the nAChR in the rat medulla. We found that the nicotine-induced excitation
of respiratory-related motor output is mediated almost entirely by the α4β2 nAChR subtype in
both control animals and animals exposed to nicotine in utero (Pilarski and Fregosi, 2008).
Thus, as shown in Fig. 2 the increase in frequency of C4 ventral root nerve bursts evoked by
bath application of 0.5 uM nicotine bitartrate (equivalent to about 175 nM free nicotine) was
abolished when the nicotine was applied together with the α4β2 nAChR antagonist dihydro-
beta-erythroidine. In contrast, blocking the α7 nAChR subtype had no discernible effect on the
nicotine-mediated increases in C4 ventral root nerve burst frequency (Pilarski and Fregosi,
2008).

Taken together, these data suggest that the α4β2 nAChR subtype is the dominant receptor
modulating nicotinic effects on breathing frequency, and that PNE induces a functional and/
or molecular down-regulation of the α4β2 nAChR subtype. However, more detailed studies
are needed to: 1) determine exactly how PNE alters α4β2 nAChRs (e.g., desensitization, change
in receptor density, etc.); 2) to learn where the receptors are located (e.g., on presynaptic
terminals or on the postsynaptic membrane); 3) to determine which population of brainstem
respiratory neurons is most strongly modulated by cholinergic neurotransmission (e.g., the
preBötzinger complex, the parafacial respiratory group, etc.); 4) to test whether acetylcholine
exerts its effects by altering the presynaptic release of neurotransmitters.

5. Working model
The observations discussed above are incorporated into a working model that was designed to
generate testable hypotheses that will help us understand the complex functional changes in
GABAergic and nicotine-mediated neurotransmission that are observed in nicotine-exposed
neonatal rats (Fig. 3). Based on the above discussion, PNE is expected to induce an initial up-
regulation of nAChRs primarily on the presynaptic terminals of GABAergic (and possibly
glycinergic) and glutamatergic neurons (Barazangi and Role, 2001;Dajas-Bailador and
Wonnacott, 2004;Hsieh et al., 2002;Vizi and Lendvai, 1999). These GABAergic and
glutamatergic neurons are presynaptic to respiratory neurons in the pre-Botzinger complex
region, and perhaps at other sites known to participate in ventilatory neurogenesis.
Acetylcholine, released by cholinergic neurons that are found in abundance throughout the
brain, binds to the nicotinic receptors, which mediate calcium influx, membrane depolarization
and subsequent release of GABA and glutamate (Wonnacott, 1997). We hypothesize that the
constant stimulation of the receptors by nicotine leads to their desensitization, followed by
diminished presynaptic release of GABA (de Rover et al., 2004;Grilli et al., 2005;Mansvelder
et al., 2002;Radcliffe et al., 1999) and glutamate (Aramakis and Metherate, 1998;Radcliffe et
al., 1999). We also suggest that the prolonged reduction in GABA and glutamate release then
leads to an up-regulation of GABAA and glutamate receptors on the post-synaptic neuron.
Recent immunohistochemical data from our own laboratory shows that PNE increases the
density of GABAA receptors in the preBotzinger complex (Fregosi, 2008). This apparent up-
regulation of GABAA receptors likely explains why agonists applied to nicotine-exposed
brains in vitro evokes enhanced functional responses (Luo et al., 2004;Luo et al., 2007).
Although we do not know if glutamate receptors (nor which type of glutamate receptor) are
also up-regulated in the preBotzinger complex and associated regions, there is evidence
showing that chronic nicotine exposure up-regulates glutamate receptor subunits in the
prefrontal cortex, the ventral tegmental area and the auditory forebrain of adult rats (Hsieh et
al., 2002;Wang et al., 2007). As discussed above, the excitatory effects of nicotine on
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respiratory rhythm are the result of pre-synaptic glutamate release mediated by nicotine binding
to nAChRs located on the pre-synaptic terminals of glutamatergic neurons (Shao and Feldman,
2001). The desensitization of nicotinic receptors would be expected to lead to a decreased
release of glutamate, with subsequent up-regulation of glutamate receptors on the postsynaptic
neuron. Thus, one would predict that nicotine-exposed neonates would have an exaggerated
ventilatory response to exogenous glutamate, although this hypothesis has yet to be tested.

6. Conclusions
Since PNE alters both inhibitory and excitatory neurotransmission in the brain, understanding
the quantitative relation between chronic-nicotine induced alterations in GABAergic and
glutamatergic neurotransmission in respiratory neurons is essential. For example, if up-
regulation of both inhibitory and excitatory pathways were identical, one could argue that there
would be no net change in ventilatory output. However, the observed abnormalities in
cardiorespiratory control consequent to PNE suggest that the balance is tilted towards net
inhibition. This is consistent with direct evidence that chronic nicotine exposure induces greater
changes in GABAergic than glutamatergic neurotransmission in mesolimbic reward regions
of the rodent brain (Mansvelder et al., 2002). This idea is also consistent with recent data
showing that behavioral deficits induced by other drugs, including ethanol, inhaled toxins and
volatile anesthetics are the result of enhanced glycinergic and GABAergic neurotransmission
and reduced glutamatergic transmission (Beckstead et al., 2000; Downie et al., 1996; Franks
and Lieb, 1994; Lovinger, 1997; Mihic, 1999). We believe that this general model may also
play a role in the ventilatory abnormalities commonly observed in neonatal animals and humans
following prenatal nicotine exposure.
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Figure 1.
This figure, taken from our recent study (Luo et al., 2007), shows that microinjection of glycine
or muscimol into the preBotzinger complex causes transient apnea. Panel A shows
representative recordings from saline-exposed and nicotine-exposed neonates, and
demonstrates that the duration of the transient, drug-induced apnea is longer in the nicotine-
exposed animals. Panel B provides average values for apnea duration induced with either drug,
in saline-exposed and nicotine-exposed neonates. As discussed in the text, these effects of drug
injection must be due to actions on GABAA receptors located on the post-synaptic membrane
of neurons that control respiratory motor output.
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Figure 2.
Recordings from the C4 ventral nerve root (C4 VR) in a saline-exposed and a nicotine-exposed
brainstem-spinal cord preparation from 2–3 day-old neonatal rat pups. Nicotine (0.5 uM
nicotine bitartrate, equivalent to 175 nM free nicotine) was applied to the brainstem chamber
of a split-bath configuration, leading to a sharp increase in C4 ventral nerve burst frequency
in the saline-exposed, but not the nicotine-exposed, neonate. The increase in frequency with
nicotine could be fully reversed with dihydro-b-erythroidine hydrobromide, which is an
antagonist of the α4β2 receptor subtype, suggesting that this nAChR subtype is largely
responsible for modulating respiratory frequency in this preparation. See text for details.
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Figure 3.
Schematic diagram summarizing putative physiologic and anatomic changes that occur
secondary to the influence of prenatal nicotine exposure on inhibitory synaptic transmission
in brainstem respiratory neurons. Prenatal nicotine exposure results in an up-regulation of
nicotinic acetylcholine receptors that are located presynaptically on both GABAergic and
glutamatergic neurons. However, the nicotinic receptors are subsequently desensitized leading
to a diminution of GABA and glutamate release. The reduction in GABA and glutamate release
leads to an up-regulation of GABAA and glutamate receptors (probably both NMDA and
AMPA subtypes) on the postsynaptic neuron. As a result, any endogenous stressor associated
with an increase in GABA or glutamate release (e.g., hypoxia) would be associated with an
exaggerated post-synaptic response (see text for detailed explanation). This model is an
adaptation and extension of a similar one published by Luo et al. (Luo et al., 2007).
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