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Pharmaceutical companies routinely screen compounds for hemodynamics related safety risk. In vitro secondary pharmacology is initially used to prioritize compounds while in vivo studies are later used to quantify and translate risk to humans. This strategy has shown limitations but could be improved via the incorporation of molecular findings in the animal-based toxicological risk assessment. The aim of this study is to develop a mathematical model for rat and dog species that can integrate secondary pharmacology modulation and therefore facilitate the overall pre-clinical safety translation assessment. Following an extensive literature review, we built two separate models recapitulating known regulation processes in dogs and rats. We describe the resulting models and show that they can reproduce a variety of interventions in both species. We also show that the models can incorporate the mechanisms of action of a pre-defined list of 50 pharmacological mechanisms whose modulation predict results consistent with known pharmacology. In conclusion, a mechanistic model of hemodynamics regulations in rat and dog species has been developed to support mechanism-based safety translation in drug discovery and development.
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INTRODUCTION
Cardiotoxic effects are a common safety concern and a cause of drug failure (Kelleni and Abdelbasset, 2018; Bhatt et al., 2019). However, translation of preclinical hemodynamics findings remains a challenge. For example, a large review of 83 compounds in the Pfizer historical pipeline showed that 23% of heart rate (HR) and 26% of blood pressure changes in the rat went in the opposite direction to those in large animals (Bhatt et al., 2019). When assessing translation from large animal to human (Phase 1 clinical trial), false positive and negative were found in 21% and 22% of cases, respectively. Notably, the assessment only considered the presence of any signal, ignoring the magnitude or direction of these changes (which can be opposite in rodent vs. large animals). In another study of 113 compounds looking at phase 2 outcomes, it was shown that dogs are not a sensitive predictor of clinical changes in diastolic blood pressure (sensitivity 20%) and heart rate (sensitivity 29%) (Ewart et al., 2014). For cardiovascular related safety, extensive Guidance documents have been developed (and recently updated) for QTc and repolarisation abnormality-related arrhythmias (ICH E14/S7B Implementation working group, 2022; ICH Expert Working Group, 2005). In contrast, hemodynamics endpoints have received much less attention (Bhatt et al., 2019). Nonetheless, there is increasing focus on hemodynamics and recognition that this is an important area of drug safety (FDA, 2022).
The lack of consistent translatability can be attributed at least partially to a failure in identifying mechanisms which could translate from preclinical species to humans. In vitro assays are commonly used to screen compounds for hemodynamics safety. Secondary pharmacology screens allow identification of individual drug targets associated with hemodynamic regulation and annotated responses, however they are not integrated to provide an overall assessment of hemodynamic change. Preclinical in vivo studies, in contrast, provide overall hemodynamics readouts but provide little insight into mechanistic causes (Litwin et al., 2011; Bonizzoni et al., 1995). Both types of studies are extensively used to assess cardiovascular safety but our current development approach is rather linear, with in vitro methods being initially used to prioritize compounds at earlier stages while in vivo models are applied later to evaluate potential changes in pre-clinical species. Translation to humans is, however, mostly empirical and often based on the most sensitive species with pre-clinical findings (Bhatt et al., 2019).
A number of mathematical modelling approaches can improve the translational assessment. The Snelder model, notably, connects total peripheral resistance (TPR), HR and stroke volume (SV) interactions with mean arterial pressure (MAP) (Snelder et al., 2014; Snelder et al., 2013). This model consists of a set of three ordinary differential equations in a linked turnover model with negative feedback terms inhibiting increase of HR, SV, and TPR depending on MAP. More recently, the TransQST consortium has made a number of adaptations to this approach, which has also been shown to be applicable to dogs (Venkatasubramanian et al., 2020). Another expansion of the Snelder model for the hemodynamic responses incorporated contractility and better represented the cardiac pressure-volume loop (Fu et al., 2022). The Snelder model could be used to suggest if a drug impacts blood pressure through HR, TPR or SV: it is often used to translate findings in the most sensitive species to human by leveraging predicted clinical pharmacokinetics (Venkatasubramanian et al., 2020; Fu et al., 2022).
A variety of more biology orientated research explored the mathematical modelling of cardiovascular physiology by integrating multi-scale data from individual processes to whole-system function. The virtual physiological rat project from University of Michigan Medical Schools focuses on systems biology modelling of cardiovascular diseases and has involved development of detailed multi-scale models for different components of the cardiovascular system (Virtual Physiological Rat Project, 2023). For important processes such as baroreceptor function, multiple mathematical models have been developed, many of them including details of the arterial wall biomechanics or the stretch of baroreceptors (Mahdi et al., 2013; Bugenhagen et al., 2010; Beard et al., 2013), among others. These models proposed detailed representation at very short time scales (<1 s), typically in response to a step change in the mean arterial pressure. Ion currents, involved in depolarizing neuron membranes, have also been modelled (Schild et al., 1994). Vasoconstriction in response to sympathetic nerve activity has also been the subject of a detailed model that separately considers the mechanisms of action potential generation, its transmission along the axon, as well as release of noradrenaline and contraction of smooth muscle cells (Briant et al., 2015).
At the kidney level, a highly detailed systems physiology model was developed that includes its effects on hemodynamics (Guyton et al., 1972). The Guyton model consists of 354 blocks, each of which represents a factor of circulatory function with one or more mathematical equations and has been the subject of many updates (Uttamsingh et al., 1985; Coleman and Hall, 1992; Karaasalan et al., 2005), including a simplified version (Guyton, 1990). A summary table of the key differences between various versions is included as Table 1 in Karaasalan et al. (2005).
TABLE 1 | Variable used to represent each block with its symbol and unit.
[image: Table 1]A semi-mechanistic pharmacokinetic/pharmacodynamic (PKPD) model has also been developed for the renin-angiotensin-aldosterone system specifically for the purpose of studying Aliskiren, an active renin inhibitor, in humans (Hong et al., 2008). Additionally, a model has been developed for the control mechanisms of renal physiology relating to maintaining sodium and water homeostasis (Hallow and Gebremichael, 2017). Other modelling efforts have focussed on the effects of salt on hypertension to allow the study of kidney-independent causes (Averina et al., 2012).
While aforementioned significant progress has been made in hemodynamic modeling, we recognized the need to integrate these models for a more comprehensive approach in drug development workflows. More specifically, we designed our model such that:
• Physiological processes are explicitly incorporated, which can be decomposed and parametrized individually by leveraging in vitro, in vivo and ex-vivo research in pre-clinical species.
• Main secondary pharmacology targets affecting hemodynamic function are incorporated.
• Dog and rat species are represented through a common model structure but with different parametrizations.
• Model complexity is minimized whilst applicability to the drug development process workflow is maximized.
• Simulations are readily interpreted in terms of explicit mechanistic hypotheses rooted in screened secondary pharmacology.
Rat and dog species are indeed commonly used preclinically to study drug-induced hemodynamic effects. Increasing the mechanistic understanding of responses in these species (often of different nature, magnitude or even directionality) would contribute to informed decision-making during drug discovery and development. Here, our dog and rat mathematical models are described, and preliminary simulations of basic interventions are explored. Results showed that once assembled, both model versions can simulate appropriate trends in a number of situations. We also show that modulating the mechanism of action for a pre-defined list of 50 secondary pharmacology targets resulted in predictions which aligned with reported observations. These secondary pharmacology targets are regularly screened internally at AstraZeneca for hemodynamic safety risk, based on evidence suggesting that their disruption can lead to significant hemodynamic changes (see Supplementary Table S39 for more details).
Two main parts can be found in the results. We first briefly review current knowledge of hemodynamic regulation as well as critical molecular mechanisms involved in these pathways. We then present the resulting model structure and its assembly. The assembled model is then investigated through in silico experiments that provide its response to secondary pharmacology modulations.
METHODS
Model structure
The model was designed around main physiological processes connecting HR, MAP and contractility. The various physiological processes are reviewed and described in the first part of the Results section. The model was pragmatically decomposed into a reasonable number of components in which a pre-determined list of 50 secondary pharmacology targets could be readily integrated. The interactions of each of these components (e.g., influence of baroreceptor firing rate on cardiovascular sympathetic firing rate) were modelled independently using publicly available data from experiments where other interaction influences were minimized. Each pathway was modelled as a single variable (Table 1). The interactions of these pathways lead to modulation of five physiological variables which can be measured in vivo (Figure 1, yellow). Three of these variables can be readily measured, namely contractility of the left ventricle (measured as the maximum rate of increase of left ventricular pressure, dPdt), HR and MAP. Additionally, two important intermediate mechanical variables (which are not easily or routinely measured) were also added to facilitate the model construction (SV and TPR). We attempted to reduce complexity to a strict minimum, resulting in 13 model variables and 24 interactions. Whilst baroreceptors are not directly modulated by any of the secondary pharmacology targets, they were included to drive circadian rhythm at baroreceptor level. The structure of the model is the same for dogs and rats species except for direct influence of dopamine on kidney renin (RAAS) which was only included in the dog model (interaction 5): Direct influence of dopamine on RAAS was not modelled in the rat model because direct effect of dopamine on renin synthesis was only observed in the rat in vitro or in vivo when the cyclooxygenase 2 pathway was inhibited by increased sodium intake but not otherwise (Armando et al., 2011).
[image: Figure 1]FIGURE 1 | Overall Hemodynamics model. There are 8 blue ellipses corresponding to molecular pathways which contribute to overall heart beating and blood circulation. Drug disruption of hemodynamics at the molecular level can be incorporated as modulation of these variables. Three main in vivo readouts are shown in gold (with broken line contours) as well as two intermediate physiological variables (not routinely measured; no contour). Black arrows indicate positive effects on the downstream variables whilst red interactions indicate negative effects. Note that, for dopamine to total peripheral resistance is initially decreased then increased when increasing dopamine concentration.
Time effects
With the exception of baroreceptor resetting and renin effects, interactions in the processes considered here occur at a much shorter timescale than in in vivo preclinical studies (Bonizzoni et al., 1995; Litwin et al., 2011) where changes are typically averaged and observed over hours. The model was therefore based on algebraic equations for all processes except for MAP-baroreceptor, renin-SV, renin-HR and renin-TPR effects where time delays were introduced. These were introduced via a first order differential equation where the variable X of interest had an effective time-dependent representation (Xeff) which relaxes toward a target value (Xtar) with a time scale τ according to Equation 1:
[image: image]
Taher et al. (1988) modelled baroreceptor firing in response to a step change in pressure in rats and used a time constant of 1,000 s. In dog, the time constant for baroreceptor resetting is 4 min based on the time taken for complete resetting (Coleridge et al., 1981) and after five half-lives the value will have reached 97% of its final value (Hallare and Gerriets, 2023).
The time delay in renin effect on HR, SV, and TPR was assumed to be the same for these three variables and was estimated to be 10 h for the rat based on the observation that it took 2–3 days after increased sodium intake for the Cardiac Output (CO) and TPR to reach their peak change in a previous model of renin effects (Averina et al., 2012). This is also consistent with the time to peak decrease in MAP after renal denervation (Li et al., 2016). In dogs, the renin time constant was also estimated to be 10 h based on peak effects in CO and TPR occurring 2–4 days and arterial pressure reaching a plateau approximately 4–5 days after increased sodium intake (Coleman and Guyton, 1969).
Circadian rhythm was introduced as a sinusoidal modulator (Equation 2) similar to what has been done previously (Snelder et al., 2014; Snelder et al., 2013). The circadian rhythm was incorporated into the baroreceptor nerves and into plasma renin activity (PRA), which is driven by release from the kidneys. Several authors showed that circadian rhythm in cardiovascular activity is indeed mostly driven by these systems (Makino et al., 1997; Ohashi et al., 2017; Lecarpentier et al., 2020; Hilfenhaus, 1976). It has been hypothesized that a circadian rhythm in glomerular permeability might be the reason for this circadian regulation associated with PRA (Ohashi et al., 2017). Circadian rhythm was therefore incorporated as a modulating coefficient, CR, modelled using Equation 2:
[image: image]
where CR is a dimensionless modulation variable representing the temporal effect of circadian rhythm, t is the time, Amp is the magnitude of the variation throughout the day, and Phase is a parameter allowing to adjust for the phase.
Block interaction modelling
To the extent possible, block interactions were individually modelled using literature data. Two sets of parameters were derived, one for the rat and one for the dog species. The choice of model equations for each block interaction was primarily driven by the data and the use of simple equations to describe them. The Akaike Information Criterion (AIC) was used to select between competing equations to describe the processes. Where possible, the same model equation was used for the same interaction in both species, unless differences in data trends favoured different equations (again based on the AIC). In some instances, block interactions could not be modelled in isolation due to lack of relevant experimental set-ups and data. In this case they were modelled together with others as discussed below. The data used for parameterising the block interactions is summarized in Table 2 and main equations are provided below. Additional details, including each block parametrization, are given in the Supplementary Material section “Interaction parameterisations” and Supplementary Tables S1-S35.
TABLE 2 | Data used for modelling the block interactions in rats and dogs.
[image: Table 2]Animal weight can differ significantly and there is potentially significant heterogeneity in dog species. Different breeds are used in published studies (mongrels were commonly used) but we did not consider potential weight effects due to lack of information. When available, animal weights were noted for future reference (Supplementary Table S36).
Individual models were parametrized in MATLAB® (2020b) with the inbuilt function “fitnlm.” Additive, multiplicative or a combination of both error models were used depending on the data. Confidence intervals (CI) were derived using the inbuilt Matlab® function “nlparci,” 95% prediction interval using the inbuilt function “predict.”
Model assembly
The assembled model consists of 2 ordinary differential and 10 algebraic equations: The differential equations model the time delay of baroreceptor resetting and the delay in renin effects as explained above. There are 43 and 41 parameters in the rat and dog model, respectively, as well as two parameters to define the magnitude and phase of circadian rhythm. Model equations are briefly described below, while full parametrization for each block and its equations can be found in the Supplementary Material section “Interactions parameterisation.” Note that for all models, the parameters values differ between rat and dog species even when the same equations are used.
Baroreceptor, cardiovascular sympathetic, and cardiac parasympathetic model equations
In both rats and dogs, autonomic nerves firing (baroreceptor, cardiovascular sympathetic, and cardiac parasympathetic) is modelled using sigmoidal equations (McDowall and Dampney, 2006; Brown et al., 1976; Seagard et al., 1990; Miki et al., 2003; Kanbar et al., 2007; Taneyama et al., 1990; Accorsi-Mendonça and Machado, 2013). The parameter values for each model are, however, different for the two species. The baroreceptor firing rate is described using Equation 3:
[image: image]
where [image: image] is the maximum firing rate, [image: image] is a slope parameter, [image: image] is the [image: image] for 50% increase in firing rate.
For firing rate of sympathetic efferent nerves, an additional contribution due to dopamine is added. This second component is modelled differently in the two species. For rats we have Equation 4:
[image: image]
where [image: image] is the maximum firing rate, [image: image] is a slope parameter, [image: image] is the baroreceptor frequency for 50% decrease of the maximum firing rate, [image: image] is the maximum change in sympathetic frequency due to changes in dopamine concentration, [image: image] is a slope parameter, [image: image] is the dopamine concentration for 50% effect of dopamine on sympathetic firing rate.
For dog species, we have Equation 5:
[image: image]
where [image: image] is the maximum firing rate, [image: image] is a slope parameter, [image: image] is the baroreceptor frequency for 50% decrease in firing rate, [image: image] is the gradient of [image: image] effect on [image: image].
For firing rate of parasympathetic efferent nerves, we have Equation 6:
[image: image]
where [image: image] is the maximum parasympathetic firing rate, [image: image] is a slope parameter, [image: image] is the baroreceptor frequency for 50% increase in firing rate.
Renin synthesis model equations
Renin synthesis is modelled via a decrease in PRA with increasing MAP and a shift in the pressure for renin synthesis based on the sympathetic frequency such that there is higher PRA at the same MAP when sympathetic nerves are more active (Kirchheim et al., 1985). It should be noted that dopamine affects renin synthesis and release in dogs but not in rats. The model equations differ for the two species. For rats we have Equation 7:
[image: image]
where [image: image] is the magnitude of [image: image] from [image: image], [image: image] is a shape parameter, [image: image] is the magnitude of the shift in [image: image] response to [image: image] depending on [image: image].
For dogs we have Equation 8:
[image: image]
where [image: image] is the maximum [image: image] from [image: image], [image: image] is a shape parameter, [image: image] is the magnitude of the shift in [image: image] response to [image: image] depending on [image: image], [image: image] is the magnitude of dopamine effect on [image: image], [image: image] is the shape of dopamine effect on [image: image].
Sympathetic, and parasympathetic effects on the heart rate model equations
In the rat, a simple linear model accounting for both sympathetic and parasympathetic nerves as well as PRA with no interaction (Equation 9) was used:
[image: image]
where [image: image] is the basal [image: image] without any effect from [image: image], [image: image], or [image: image] [image: image] is the gradient of [image: image] effect on [image: image] [image: image] is the gradient of [image: image] effect on [image: image] [image: image] is the gradient of [image: image] effect on [image: image].
In the dog, the effects of sympathetic and parasympathetic nerves on HR were modelled simultaneously based on published data in dogs suggesting interaction between their effects (i.e., effect of sympathetic stimulation on HR depends on frequency of parasympathetic nerves (Levy and Zieske, 1969; Sunagawa et al., 1998; Kobayashi et al., 2012). The heart rate was modelled as the product of a sigmoidal increase with sympathetic frequency and a sigmoidal decrease with parasympathetic frequency. Renin effects were added via a logarithmic term, resulting in Equation 10:
[image: image]
where [image: image] is the maximum increase in [image: image] from a baseline value without any sympathetic or parasympathetic effect; [image: image] is the shape of [image: image] effect on [image: image]; [image: image] is the sympathetic frequency for 50% effect on [image: image]; [image: image] is the shape of parasympathetic frequency on [image: image]; [image: image] is the [image: image] for 50% effect on [image: image]; [image: image] is the magnitude of [image: image] effect on [image: image].
Sympathetic effects on the long type calcium channel (LTCC) flux model equations
LTCC was modelled sigmoidally in the rat (Equation 11):
[image: image]
where [image: image] is the maximum [image: image], [image: image] is a slope parameter, [image: image] is the [image: image] for 50% increase in [image: image].
LTCC was modelled logarithmically in the dog (Equation 12):
[image: image]
where [image: image] is the magnitude of [image: image] effect on [image: image], [image: image] is a constant.
Contractility due to LTCC model equations
Contractility was modelled linearly in the rat (Equation 13):
[image: image]
where [image: image] is the gradient of the effect of [image: image] on [image: image], [image: image] is a constant.
Contractility was modelled sigmoidally in the dog (Equation 14):
[image: image]
where [image: image] is the maximum increase in [image: image] due to [image: image], [image: image] is a slope parameter, [image: image] is the [image: image] for 50% increase in [image: image], [image: image] is the minimum [image: image].
SV changes due contractility, HR and PRA model equations
In the rat Equation 15 was used:
[image: image]
where [image: image] is the basal [image: image] without any effect from [image: image], [image: image], or [image: image], [image: image] is the gradient of [image: image] effect on [image: image], [image: image] is the gradient of [image: image] effect on [image: image], [image: image] is the gradient of [image: image] effect on [image: image].
In the dog Equation 16 was used:
[image: image]
where [image: image] is the maximum [image: image] from [image: image] and [image: image], [image: image] is the [image: image] for 50% decrease in its contribution, [image: image] is the [image: image] for 50% increase in its contribution, [image: image] is the gradient of [image: image] effect on [image: image]. dPdt is a variable corresponding to the maximum rate of left ventricular pressure increase averaged over multiple heart beats.
TPR changes due to sympathetic, parasympathetic, endothelin, nitric oxide (NO), renin and dopamine model equations
In the rat, TPR was modelled using Equation 17:
[image: image]
where [image: image] is a baseline [image: image] without any effect of [image: image], [image: image], [image: image], [image: image], [image: image], or [image: image]; [image: image] is the maximum increase in [image: image] from [image: image], [image: image] is a slope parameter, [image: image] is [image: image] for 50% increase in [image: image] due to [image: image], [image: image] is the gradient of [image: image] decrease due to [image: image], [image: image] is the maximum [image: image] increase due to [image: image], [image: image] is a slope parameter, [image: image] is [image: image] for 50% increase in [image: image], [image: image] is the magnitude of [image: image] effect on [image: image], [image: image] is the shape of [image: image] effect on [image: image], [image: image] is the maximum decrease in [image: image] due to [image: image], [image: image] is a shape parameter, [image: image] is the magnitude of [image: image] effect on [image: image], [image: image] is the exponent for the magnitude of [image: image] effect on [image: image].
In the dog, TPR was modelled using Equation 18:
[image: image]
where [image: image] is a baseline [image: image] without any effect of [image: image], [image: image], [image: image], [image: image], [image: image], or [image: image] [image: image] is the magnitude of [image: image] effect on [image: image], [image: image] is the magnitude of [image: image] effect on [image: image], [image: image] is the shape of [image: image] effect on [image: image], [image: image] is the magnitude of [image: image] effect on [image: image], [image: image] is the magnitude of [image: image] effect on [image: image], [image: image] is the shape of [image: image] effect on [image: image], [image: image] is the shape of [image: image] effect on [image: image], [image: image] is the gradient of [image: image] effect on [image: image].
Mean arterial pressure (MAP) model equations
CO is an instantaneous calculation calculated beat-to-beat and represents the blood volume pumped through the heart every minute, calculated directly from the product of HR and SV, giving Equation 19:
[image: image]
MAP is then given by the product of CO and TPR, giving Equation 20:
[image: image]
It should be noted that MAP is calculated as a time-average in practice and could therefore include a proportionality term representing averaging error (Sanders et al., 2011). In the absence of relevant data this coefficient was implicitly assumed to be unity in the above equation.
In silico experiments
In our in silico experiments we quantitatively or qualitatively compared overall model simulations in a number of scenarios. For these simulations we use the assembled parametrized block interactions without further fitting to the intact animal data except for several basal values. Namely, when simulating daily changes due to the baroreceptor circadian rhythm, its parameters (amplitude and phase) were first calibrated to match differences across laboratories and individual animals using a non-linear mixed effect approach (Monolix® 2023R1). The amplitude and phase term of the renin circadian rhythm were fixed relative to the amplitude and phase of the baroreceptor, hence effectively reducing the number of circadian parameters to two. The basal values of MAP, SV and TPR were also allowed to vary to account for differences between laboratories and individuals. All other parameters in the assembled hemodynamics model (Figure 1) were kept without variability and were not reparametrized. Whilst the circadian rhythm is expected to cause variations in NO, endothelin and dopamine, it was assumed that these variations were negligible in agreement with the literature (Makino et al., 1997; Gerghel et al., 2004).
For the endothelin in silico experiment, no rat or dog PK model could be found in the literature so a two-compartment, target-mediated drug disposition, human PK model (Volz et al., 2017) was scaled allometrically. The allometric exponents were unity for volume of distribution and 0.75 for degradation rate [based on metabolic scaling (West and Brown, 2005)]. The plasma concentration of endothelin was estimated at the two bolus amounts and two infusion rates. These concentrations were then used to predict the maximum change in MAP following bolus or infusion.
For the dopamine in silico experiments, a two-compartment human PK model (MacGregor et al., 2000) was also allometrically scaled as for endothelin. To model distribution of dopamine from blood to the ganglions in rats, which affects sympathetic nerve firing, an additional term ([image: image]) was introduced (see Dopamine to Sympathetic interaction in the Supplementary Material) resulting in Equation 21:
[image: image]
In dogs, the model is driven by concentrations in plasma (as no information was available about ganglion levels, unlike rats) and the effect on sympathetic firing rates was modelled using Equation 22:
[image: image]
In all simulations, daily variations in the readouts were averaged out except for simulations in untreated animals (for which longitudinal data was available). Unless their effect was being investigated, endothelin, NO, and dopamine concentrations were fixed to their baseline values. In nerve stimulation simulations, additional firing was added to the relevant block (e.g., baroreceptor, sympathetic or parasympathetic nerves).
RESULTS
Main mechanisms of hemodynamic regulation
Overall regulation
We performed a literature review in order to define the elements in our mathematical models. This review is at the root of designing our model as a network involving 13 blocks and 23 or 24 interactions in rat and dog species respectively (Figure 1). The complexity of hemodynamic regulation and its related molecular events can be easily appreciated via a vast literature. Overall, blood pressure is regulated by multiple interacting molecular pathways, the two main feedback mechanisms being the autonomic nervous system (predominantly short-term regulation) and the kidney renin-angiotensin-aldosterone system (predominantly long-term regulation) (Shahoud et al., 2022; Boyes et al., 2022; Florea and Cohn, 2014; Kiowski et al., 1992; Navar and Rosivall, 1984). Autonomic nerves are split into sympathetic, parasympathetic, and enteric nerves. Sympathetic and parasympathetic nerves have opposing effects on hemodynamics whilst enteric nerves have little role in hemodynamic regulation (Waxenbaum et al., 2023; Bankenahally and Krovvidi, 2016; McCorry, 2007). The renin system is activated by multiple stimuli including blood pressure, sympathetic nerves, and plasma sodium concentration (Fountain et al., 2023; Ames et al., 2019; Kurtz, 2012). Additional pathways include regulation via dopamine (Armando et al., 2011; Zeng and Jose, 2011; Goldberg, 1984) and vasoactive substances such as NO (Ahmad et al., 2018; Bryan, 2022; Stauss and Persson, 2000; Dominiczak and Bohr, 1995) or endothelin (Schiffrin, 1995; Deehan et al., 2008; Kostov, 2021; Kohan, 2008).
Baroreceptors are stretch sensors located in the aortic arch and carotid sinus which increase their own firing rate in response to increased pressure (Wallbach and Koziolek, 2018; Lopez et al., 2022; Min et al., 2019). Higher baroreceptor activity stimulates cardiac parasympathetic nerves and inhibits cardiovascular sympathetic nerves to regulate blood pressure (Sleight, 1991; Lopez et al., 2022; Pratt et al., 2016). Sympathetic nerves are responsible for the “fight-or-flight” response, increasing HR, ventricular contractility, TPR, and PRA (Pratt et al., 2016; Scott-Solomon et al., 2021; LeBouef et al., 2023; Gordon et al., 1967; Gordan et al., 2015). In the “fight-or-flight” response, blood flow to skeletal muscles is increased at the expense of most visceral organs in preparation for more muscle use in fighting or fleeing (McCarty, 2016), thus significantly altering the hemodynamics. HR and contractility both cause an increase in overall blood flow for oxygenation of skeletal muscles whilst the restricted blood flow to visceral organs causes the increased overall TPR (Chu et al., 2024; Curtis and O’Keefe, 2002). Parasympathetic nerves are responsible for “rest and digest,” acting to decrease HR and TPR (Pratt et al., 2016; LeBouef et al., 2023; Gordan et al., 2015). Baroreceptors additionally exhibit resetting with a “set point” firing rate, which is the rate they fire at if the MAP is held constant long enough (Kunze, 1985; Dampney, 2017; Koike et al., 2006; Krieger, 1970; Krieger, 1988; Salgado and Krieger, 1978; Champney et al., 1985). The main neurotransmitter for the afferent and parasympathetic efferent nerves is acetylcholine whilst the neurotransmitter in sympathetic efferent nerves is norepinephrine (aka noradrenaline), which is also a precursor to epinephrine (aka adrenaline) (McCorry, 2007; Burnstock, 1981; Herring, 2015). Renal sympathetic nerves stimulate the release of renin from juxtaglomerular cells of the kidney (the primary location of renin synthesis) via the beta-adrenoceptor-cAMP pathway (Alhayek and Preuss, 2023; Aldehni et al., 2011; Torretti, 1982; Gordon et al., 1967).
Dopamine has multiple effects on different points in hemodynamic regulation, primarily acting via direct impact on the sympathetic nervous system and TPR (Sonne et al., 2023; Missale et al., 1998; Ines et al., 2011; Beaulieu and Gainetdinov, 2011). These effects also have different concentration dependencies–e.g., vascular dilation occurs at low doses (0.5-2ug/kg/min in humans). Dopamine acts through five different receptors classified into two classes (Beaulieu and Gainetdinov, 2011; Sonne et al., 2023; Missale et al., 1998) and is also a precursor to the sympathetic neurotransmitter norepinephrine/noradrenaline (Menniti and Diliberto Jr, 1989; Nakatsuka and Andrews, 2017; Bylund, 2003). A key difference between rats and dogs is that dopamine affects the release of renin in the dog in vivo but in the rat this only happens when cyclooxygenase 2 activity is decreased by an increased sodium diet (Armando et al., 2011).
The kidney renin-angiotensin-aldosterone pathway acts over a period of days and primarily affects hemodynamics through regulation of the blood volume and TPR (Fountain et al., 2023; Ames et al., 2019; Navar, 2014; Laragh and Sealey, 2011). In addition to its role in fluid homeostasis, the renin pathway is key for maintenance of salt levels (Fountain et al., 2023; Bernal et al., 2023). Multiple feedback routes can affect the stimulation of the renin pathway in addition to sympathetic stimulation (Figure 2). For instance, reduced salt delivery to the distal convoluted tube of the kidney can be due to variations in salt intake, differential distribution to the blood or decreased blood flow to the kidney (caused by increased resistance of the arteries) (Graudal et al., 2021; Drenjančević-Perić et al., 2011; Laragh and Sealey, 2011; Karlberg, 1983). Decreased blood flow to the kidney is also known to stimulate renin release via stretch sensors (Fountain et al., 2023). Blood volume is regulated by renin through increased thirst, decreased urine output, and increased fluid re-uptake (Fountain et al., 2023; Thornton, 2010; Lote, 2006). Additionally, renin targets angiotensinogen to synthesise angiotensin I, an inactive substance that is the precursor to angiotensin II, with conversion dependent on the angiotensin converting enzyme (ACE) (Fountain et al., 2023; Bernardi et al., 2016) as depicted in Figure 2. Angiotensin II increases sodium retention through increased uptake by sodium-hydrogen exchangers in the thick ascending limb of the loop of Henle in the kidney (Dixit et al., 2004; Xiao et al., 2015). Angiotensin II also stimulates the release of aldosterone from the adrenal cortex to also increase sodium retention (Dixit et al., 2004; Ames et al., 2019). This sodium increase causes greater osmolality and a shift in fluid volume for a higher blood volume (Sharma and Sharma, 2022; Cowley and Roman, 1989).
[image: Figure 2]FIGURE 2 | Diagrams of the key functional components (including nerve activity, neurotransmitters, enzymes, ion channels, and receptors) for sympathetic nerves, parasympathetic nerves, and the kidney renin system. Bold entries in this diagram indicate the effect of the nerves on other blocks in our model. Sympathetic system (A): The sympathetic nerves are activated by decreased blood pressure and trigger the release of the neurotransmitter and hormone norepinephrine and the hormone epinephrine. Norepinephrine binds to the G-protein coupled beta1 and alpha2 adrenoceptors. When norepinephrine binds to beta1 adrenoceptors, it causes increased activation of the enzyme adenylyl cyclase which increases the conversion of adenosine triphosphate (ATP) to cyclic adenosine monophosphate. This increased production of adenylyl cyclase causes an increase in release of renin from juxtaglomerular cells of the kidney, an increase in the sodium and potassium flux into cardiomyocytes, and an increase in activity of protein kinase (A). The increased activity of protein kinase A activity causes an increase in the calcium concentration within cardiomyocytes by increasing influx through long-type calcium channels and release from sarcoplasmic reticulum (SR) intracellular store. Increased calcium concentration within cardiomyocytes causes an increase in the contractility of the heart. Norepinephrine binding to alpha2 adrenoceptors causes an increase in vasoconstriction. Circulating epinephrine binds to beta adrenoceptors (beta1 and beta2) with low affinity (signified by the word low next to the arrows in the diagram). Epinephrine binding to beta1 and alpha2 adrenoceptors has the same effect as norepinephrine binding. Epinephrine binding to alpha1 adrenoceptors also causes vasoconstriction but binding to beta2 adrenoceptors decreases vasoconstriction. Parasympathetic system (B): The parasympathetic nerves are activated by increased blood pressure and release the neurotransmitter acetylcholine. Acetylcholine then binds to G-protein coupled M2 and M3 muscarinic receptors. M2 opens the muscarinic potassium channels on cardiomyocytes, causing an outflow of potassium ions from the cells for a hyperpolarising current that decreased the heart rate and inhibits electrophysiological coupling of the atria and ventricles via the atrioventricular (AV) node. Renin system (C): Increased sympathetic nervous activity, decreased sodium delivery to the distal convoluted tubule of the kidney (plasma sodium), and decreased blood flow to the kidney all cause an increase in the release of renin. An increase in renin causes greater conversion of angiotensinogen to the inactive peptide angiotensin (I). This process also requires angiotensin converting enzyme to be present. Angiotensin I is then converted to angiotensin II, a powerful vasoconstrictor that also regulates blood volume. Through two pathways that both cause increased osmolarity of blood. The first of these pathways is through an increase in sodium reabsorption by Na-H exchange in the proximal convoluted tubule (decreasing plasma sodium). The second pathway is through increasing aldosterone levels. Aldosterone then increases sodium reabsorption and potassium excretion by apical cells through Na-K ATPase activation.
Cardiac effects
Sympathetic firing induces norepinephrine release which primarily affects HR and contractility through binding to beta1 adrenoceptors (Lorton and Bellinger, 2015; Rengo, 2014) (Figure 2). When beta1 receptors are activated, they upregulate adenylyl cyclase which increases conversion of ATP to cAMP (Velmurugan et al., 2019; Brodde, 1993; Guimaraes and Moura, 2001). Increased cAMP has dual effects, increasing both HR through the funny current (DiFrancesco, 2010; DiFrancesco and Tortora, 1991; Giannetti et al., 2021); myocardial contractility though protein kinase A; and long-type calcium channels, increasing the calcium flux into the cardiomyocytes (Boularan and Gales, 2015; Zaccolo, 2009; Wright et al., 2018; Mika et al., 2013; Tomek and Zaccolo, 2023). It is worth noting that as with beta2 adrenoceptors, epinephrine can bind to beta1 adrenoceptors with low affinity.
Parasympathetic nerves decrease HR through binding of acetylcholine to M2 muscarinic receptors opens muscarinic potassium channels to cause a hyperpolarising current, opposing the depolarisation recovery and delaying the trigger of subsequent action potentials (Sundaram et al., 1989; Tomankova et al., 2015; Kudlak and Tadi, 2023).
Vascular effects
Sympathetic nerves stimulate TPR through vasoconstriction mediated by epinephrine synthesis and binding to alpha1 and alpha2 adrenoceptors (Taylor and Cassagnol, 2023; Ruffolo and Hieble, 1994; Ruffolo et al., 1994; Motiejunaite et al., 2021) (Figure 2). Epinephrine also binds to beta2 adrenoceptors with low affinity, and this acts to cause vasodilation (Dalal and Grujic, 2023; Alhayek and Preuss, 2023; Motiejunaite et al., 2021). Norepinephrine released by sympathetic stimulation also has a role in vasoconstriction through binding to alpha adrenoceptors (Bolli et al., 1984; Reid, 1986; Smith and Maani, 2023).
Whilst there is no evidence for parasympathetic innervation in arterioles, stimulation of parasympathetic nerves has been shown to decrease TPR (Ohke et al., 2020; Ishii et al., 2014; Boysen et al., 2009; Toda and Okamura, 2015; Tindle and Tadi, 2024). It is known that shear stress causes release of acetylcholine from arteriolar endothelial cells, which causes local vasodilation (Wilson et al., 2016). There is, however, also evidence for an endothelium-independent M3 vasodilation shown in rat mesenteric arteries (Tangsucharit et al., 2016), which may be involved in parasympathetic effect on TPR (Figure 2). The impact of parasympathetic stimulation on vascular tone is not as significant as sympathetic stimulation (Gibbins, 2013).
NO is widely recognised as a vasodilator and can be synthesised by three isoforms of the enzyme NO synthase: endothelial NO synthase, neuronal NO synthase, and inducible NO synthase (Förstermann and Sessa, 2012; Andrew and Mayer, 1999; Bredt, 1999). The main synthesis of NO for blood pressure regulation is by endothelial NO synthase in response to shear stress and myogenically increases the diameter of blood vessels, decreasing the resistance to flow (Förstermann and Münzel, 2006; Rees et al., 1989; Bredt, 1999).
Endothelin-1 is a powerful vasoconstrictor that acts through two types of receptors: ETA and ETB. As a vasoconstrictor, endothelin causes the opposite effect to NO, decreasing blood vessel diameter (Schiffrin, 1995; Dhaun et al., 2008; Maguire and Davenport, 2015; Nishiyama et al., 2017).
In addition to the blood volume effects above, Angiotensin II, released through the renin-angiotenin-aldosterone pathway, also has vasoconstrictive effects, increasing TPR (Stegbauer et al., 2003; di Salvo et al., 1973) (Figure 2). Additionally, there is mounting evidence of an intra-renal renin system as well as a whole-body system (Nishiyama and Kobori, 2018; Chappell, 2012).
Circadian rhythm
Circadian rhythm is a natural oscillation of a variety of processes that repeats roughly every 24 h in correlation to light and dark stimulations (Makino et al., 1997; Rodríguez-Colón et al., 2010). Light detected by the eyes causes activation of the retinohypothalamic tract, which then transmits information about the light state to the suprachiasmatic nucleus in the hypothalamus (Miyamoto and Sancar, 1998; Hannibal, 2002). The signal from the suprachiasmatic nucleus then combines with baroreceptor feedback in the nucleus tractus solitarius to modulate the activity of sympathetic and parasympathetic neurons controlling hemodynamics (Lecarpentier et al., 2020; Makino et al., 1997). A key difference between circadian rhythms of the rat and dog is that the rat is nocturnal (Andreatta and Allen, 2021; Challet, 2007). In nocturnal animals, MAP and HR are increased during active periods, reflecting the higher metabolic demand (Biaggioni, 1992; Gumarova et al., 2021). Additionally, circadian rhythm in the release of renin has been attributed to the central nervous system (Modlinger et al., 1976; Ohashi et al., 2017).
Summary of hemodynamic regulation mechanisms
Considering the aforementioned physiological processes we designed the overall model as a network involving 13 blocks and 23 or 24 interactions in rat and dog species respectively (Figure 1). The main processes in the model can be summarized as follows. At the top, baroreceptor nerves upregulate and downregulate parasympathetic and sympathetic nerves firing, respectively (Figure 1). Parasympathetic firing then downregulates TPR and HR. In contrast, Sympathetic nerves firing, which also affects TPR and HR, also affects contractility (with an intermediate role for the LTCC explicitly described) as well as the kidney renin system. The effect of dopamine has also been included with a role on sympathetic nerves and kidney renin system modulation, as well as a direct, biphasic modulation of TPR. Downstream, the HR and contractility feed into the SV. The SV together with TPR and HR then control the MAP. MAP then feeds back into baroreceptor nerves firing but also into the kidney renin system. The kidney renin system can also directly affect TPR, HR and SV. On top of these elements, the effects of endothelin and NO on TPR were also added to enable additional modelling of additional sites of action for potential secondary pharmacology findings.
The resulting system was modelled as 10 algebraic and 2 ordinary differential equations. The equations were then parametrized for dog and rat species based on a wealth of literature-based data. Table 2 provide a summary of the data used to build each relationship. Overall, all interactions were well captured (Supplementary Figure S1 for the rats and Supplementary Figure S2 for the dogs). The resulting main equations where not necessarily the same in both species (see methods). The organisation and parametrization of all the processes involved in hemodynamics regulation were then combined to a circadian rhythm clock which resulted in the final models (see methods or full details in the Supplementary Material Section “Interaction parameterisations).”
Exploring the model behaviour via in silico experiments
Assembling our model in a bottom-up way ensured underlying mechanisms of interest captured to a pre-defined level of granularity. However, this method can easily lead to an overall model which does not produce integrated effects aligned with clinical observations. Therefore, we explored seven cases (diurnal changes and 6 different interventions) to inspect the models’ behaviour and face-value. These simulations also enabled defining typical values for some baseline observations such as HR or SV.
Circadian rhythm
In this first set of simulations, we explored if simple diurnal changes in MAP, HR, SV, and TPR could be captured with the models. For the rat species, we combined several telemetry vehicle datasets. One study measured MAP and HR (Teerlink and Clozel, 1993). A second study measured MAP, HR, SV, and TPR (Oosting et al., 1997). A third study measured dPdt (Zheng-rong et al., 1999) and a fourth one measured PRA (Hilfenhaus, 1976). Internal vehicle data including measurements of MAP and HR were also added to enrich the datasets. No studies could be found that simultaneously recorded diurnal variations in PRA and hemodynamics measures.
The model was able to simultaneously capture observed diurnal variations in MAP, HR, dPdt, and PRA (Figure 3). However, across individual animals and labs the amplitude and phase of diurnal changes as well as basal levels of HR and MAP varied. In order to simultaneously capture all the observations we used a non-linear mixed effect approach which allowed variations across animals and labs (according to an underlying distribution around a typical value) in the amplitude and phase as well as basal levels of HR, SV and TPR. Simulations capture the observed data, with typical population values for basal HR, SV and TPR being well estimated and inter-individual variability (random effects) reasonably small; see Supplementary Table S37.
[image: Figure 3]FIGURE 3 | Combining multiple literature datasets with vehicle data from AstraZeneca studies show how (A,C,E, G) the rat model capture circadian rhythm variations in MAP, HR, contractility, and renin and how (B, D, F, H, I) the dog model captures MAP, HR, contractility, renin, and SV. When available, additional animals were also used for MAP, HR and dPdt (see Supplementary Figure S3).
For the dog species we also combined several telemetry studies. In the first study, MAP and HR were measured (Miyazaki et al., 2002). A second study also reported MAP and HR whilst additionally reporting SV (Ashkar, 1979) and a third study reported PRA (Corea et al., 1996). Vehicle data from studies run by AZ were also used to complement MAP, HR and dPdt data. As in rats, the simulations captured diurnal variations for these readouts. Additionally, SV was also available for dog from an experiment of Ashkar (1979). While the SV data is quite noisy, the model is able to reproduce it in a plausible way. It should also be noted that the dPdt data during the first hours show local deviations which can be attributed to experimental handling (Hernández-Avalos et al., 2021; Desborough, 2000; Höglund et al., 2016). The maximum PRA was also underestimated which can be attributed to the few individuals included in the study and potential differences in the animals (we do not have any other hemodynamic measures for the same individuals or laboratory as the PRA values). Also, variations in basal levels across individuals were greater in dogs, potentially due to greater excitability of dogs (compared to rats, compounded by diurnal differences), greater variability in breeds and weights across experiments. Like in rats, these simulations capture the observed diurnal changes and provide typical reference basal values (Supplementary Table S38).
Endothelin effects
Endothelin is known to cause an increase in MAP through vasoconstriction (Schiffrin, 1995; Deehan et al., 2008; Kostov, 2021; Kohan, 2008). The data used for comparison to rat simulations was derived from experiments where endothelin was given intravenously as a bolus or infusion with peak changes in MAP reported (Mortensen and Fink, 1990). We simulated endothelin infusion or bolus in the rat model which led to increases in MAP comparable to those reported (Figure 4). For the dog species, peak changes in both MAP and HR were reported from five dogs after an intravenous bolus of endothelin (Given et al., 1989). Model predictions of MAP and HR response to endothelin showed an increase in MAP which agreed with observations although at the upper end. Changes in observed HR may indicate a slight increase which is not captured by the model.
[image: Figure 4]FIGURE 4 | Comparing model predictions of hemodynamic changes for various intravenous doses of endothelin to literature data (A) rat MAP data (Mortensen and Fink, 1990) (B, C) dog MAP and HR data (Given et al., 1989)
Dopamine effects
Intravenous dopamine has multiple effects at different points of hemodynamics regulation, overall causing increased MAP but little change in HR in both rats (Perez-Olea et al., 1981; Drieman et al., 1994; Bacq et al., 1990) and dogs (Lundberg et al., 2005). Additionally, contractility and CO have been reported to increase in dogs (Lundberg et al., 2005).
We found different trend in terms of MAP response across the three rats studies considered where different doses and rates of infusions were used (Figure 5). A potential explanation for these differences is the different anaesthetics used in these studies which could significantly impact the response to dopamine. Here the model can capture an average trend across these responses. The tendency to capture average behaviours could be rooted in the heterogeneous source of literature data used to model each one of the blocks in the overall rat model. Dog experiments in (Lundberg et al., 2005) displayed higher variability and simulations capture responses in terms of MAP, HR, dPdt and CO within this experimental variability (Supplementary Figure S4, S5).
[image: Figure 5]FIGURE 5 | Comparison of model predictions to literature hemodynamic data (A, B) MAP and HR responses to different doses and intravenous durations of dopamine in rats (MAP and HR were reported at the end of infusion) (Drieman et al., 1994; Bacq et al., 1990; Perez-Olea et al., 1981) (C, D) MAP, and HR responses to various intravenous durations of dopamine in dogs (Lundberg et al., 2005)
Baroreceptor stimulation
Stimulation of baroreceptor nerves is known to decrease MAP by decreasing HR, dPdt, and TPR (Kougias et al., 2010; Armstrong et al., 2023; McCorry, 2007; Bankenahally and Krovvidi, 2016). To our knowledge no quantitative data describing the effects of baroreceptor stimulation in intact animals is available. Rat and dog model simulations were found to agree with the reported decreases (see Supplementary Material Section “Additional in silico results).”
Sympathetic stimulation
Generally speaking, sympathetic stimulation increases HR, TPR, and dPdt (Bankenahally and Krovvidi, 2016; McCorry, 2007). Stimulation of the renal sympathetic nerve has also been shown to increase PRA (Alhayek and Preuss, 2023; Aldehni et al., 2011; Torretti, 1982; Gordon et al., 1967). Simulations of sympathetic nerves showed overall increased HR, TPR, and dPdt in rats as per reported outcomes (Supplementary Material Section “Additional in silico results).” Increase in MAP also led to an overall decrease in PRA in this species (Supplementary Material Section “Additional in silico results).” In dogs, simulations of sympathetic nerves also showed overall increased HR, TPR, and dPdt but here the effect of renal sympathetic nerve on PRA is predicted to dominate, resulting in PRA to increase overall (which is opposite to the simulation results in rats, see Supplementary Material Section “Additional in silico results).” We could not find experimental evidence for the difference in trend for PRA changes with increased sympathetic stimulation between dogs and rats.
Parasympathetic stimulation
In contrast to the sympathetic nerves, the parasympathetic nerves are reported to decrease MAP through decreased HR and TPR (Khurana et al., 2005; Sundaram et al., 1989). In the absence of quantitative data, we again verified our simulations qualitative agreement with these observations. Rat model predictions showed agreement except for change in TPR which was predicted to increase upon parasympathetic stimulation. While the predictions of TPR appear to diverge from the observed outcomes, it should be noted that the pharmacological intervention in (Khurana et al., 2005) may have precluded feedback responses through the sympathetic system which are accounted for in our model. In dogs, MAP, HR and TPR changes all conformed to the outcomes reported in the literature (Khurana et al., 2005; Sundaram et al., 1989).
Nitric oxide (NO) changes
NO causes vasodilation and a reduction in MAP (Förstermann and Münzel, 2006; Rees et al., 1989; Bredt, 1999). Inhibitors of NO synthase (e.g., L-NAME) and donors (pre-cursors) of NO are commonly used for therapeutic purposes and the hemodynamics effects of these compounds have been reported (although the concentration of NO is not usually reported). Simulations in both rats and dogs indicated significant increase in TPR and MAP with decreased NO (Supplementary Material Section “Varying nitric oxide concentration).” This agrees with observations where the NO synthase inhibitor L-NAME was given in rats (Hu et al., 1997) and showed increased TPR and MAP. The same study also showed a reflex decrease (due to feedback) in HR in rats which was also predicted by both species models. Increase in NO led to predict decrease in TPR and MAP (Supplementary Material Section “Varying nitric oxide concentration”) which is also aligned with reports where the NO donors sodium nitroprusside, 3-morpholino sydnonimine, and GEA3162 (an oxatriazole derivative) were administered (Nurminen and Vapaatalo, 1996).
Qualitative modulation due to secondary pharmacology
A list of 50 secondary pharmacology targets known to be modulated by drugs and to have significant roles in hemodynamics regulation was derived (Supplementary Table S39). These secondary pharmacology targets are regularly screened internally at AstraZeneca for hemodynamic toxicity risk assessment. The model design reflects this pre-defined list by explicitly describing some blocks (e.g., the role of endothelin or NO) in order to enable the integration of this secondary pharmacology. Figure 6 shows the physiological processes which can be affected by disrupting these secondary pharmacology targets. It can be seen that some blocks can be affected by the disruption of many of the targets included in our list (e.g., sympathetic nerves) while others may be related to one target. Direct effects of targets on hemodynamic pathways was implemented in the same way for rats and dogs with the exception of D3 dopamine receptor on RAAS (as modelled via PRA), as explained in the section “Model structure.”
[image: Figure 6]FIGURE 6 | Schematic showing where the secondary pharmacology targets of interest affect the model. Targets next to blocks affect the molecular pathway or physiological phenomena whilst targets next to lines modulate the effect of the block (blue) on the other variable (yellow). For a detailed description of the targets full name and function, see Supplementary Table S39.
We researched the literature in order to derive a list of qualitative outcomes to benchmark the model when antagonising or agonising these targets. We then investigated if simulations were able to reproduce the observed trends by exploring modulation of the affected pathways (reduction or increase for antagonism or agonism respectively). For each target, for each type of modulation (agonism or antagonism) and for each of the two species, we then classified the predicted changes into strong (observations changes greater than 5% in the right direction) and minor (observations changes lower than 5% but still in the right direction).
Figure 7 shows that for each one of the available readouts (HR, dPdt and MAP), simulations predicted potential strong changes in many cases. It should be noted, however, that for some of the readouts (e.g., dPdt) very little information was available and therefore our outcome knowledge is not uniformly distributed across the target of interests. While other simulations only predicted minor changes in the readouts, no outcome was predicted in the wrong direction. Overall, these results provide confidence that the model can capture, mechanistically, a wide panel of secondary pharmacology disruption effects on hemodynamics.
[image: Figure 7]FIGURE 7 | Plot showing agreement of model predictions with literature knowledge on the effects of agonism or antagonism of single targets on MAP, HR, TPR, and dPdt.
DISCUSSION
In this paper we aimed to develop models for dog and rat species which are routinely used in pre-clinical studies. In the proposed models the various physiological mechanisms involved in the regulation of mean arterial blood pressure (MAP) and heart rate (HR) are decomposed into 13 model variables representing biological pathways, clinical readouts, and their interactions. On one hand, the final choice of this model diagram reflects our understanding of the current literature and a search for a parsimonious model that captures the variety of responses seen in hemodynamics changes, hence the inclusion of essential components such as the autonomic and kidney renin systems. On the other hand, the complexity of the animal physiology precludes the inclusion of every single process at the cellular, tissue or systemic level. Many processes have been implicitly integrated in the model: For instance the complex Renin system, whose cascade of events leading to Stroke Volume (SV) and HR modulations (Guyton et al., 1972; Karaasalan et al., 2005), was simply modelled as Plasma Renin Activity (PRA) and its relationship with those readouts.
Several biological quantities and processes (e.g., the effects of dopamine or through LTCC) have been explicitly included to enable studying their disruption. This aligns with our aim to predict the effects of 50 secondary pharmacology targets which was pre-selected (Supplementary Table S39). We regularly screen these targets, which have important role in hemodynamics regulation and are also commonly affected by drug candidate molecules. Our need to enable linking all of this secondary pharmacology necessitated the inclusion of additional pathways and variables. By doing this, we could create a direct connection between each target and the specific part of the model it disrupts (Figure 6).
We developed two versions of the models, mainly based on alternative parametrizations for dog and rat. Once we derived the overall model diagram, each one of its components have been individually modelled based on literature involving in vitro, in vivo and ex vivo experiments in these species. Several notable assumptions had to be made in order to achieve a parsimonious, tractable model. The representation of pathways has indeed often been encapsulated into a single variable. In the nerves, the action of neurotransmitters and ion fluxes across the cell membrane was simply modelled as changes in firing frequency. Renin-related effects on hemodynamics involve multiple intermediate steps including altering the blood volume through triggering thirst and altering urine output, but this has been combined into single interactions of plasma renin activity on HR, SV and TPR. Plasma sodium concentration is an important factor in renin effects on heart rate but has been neglected because sodium concentration is not expected to vary significantly during telemetry studies performed as part of a preclinical safety assessment. In the future it would be useful to incorporate the effect of changes in sodium concentration to allow simulation of patients with sodium retention and hypertension.
Whilst it is likely that other variables could also be included for representing pathway variables, a minimum number of variables best thought to represent the pathways were chosen to limit the complexity of the model and data requirements. For instance, for nerve experiments, stimulation frequencies were chosen as a natural variable to modulate nerves response and hemodynamic changes. In modelling these nerves response, we could for instance have added the amplitude of spikes voltage or the synapses neurotransmitters concentration which would have introduced additional variables and required additional data. A higher level of granularity could also have involved for instance the modelling of ion fluxes causing changes in the membrane voltage and so on. We did not believe that this increased level of description and modelling was required for the scope delineated here and therefore simply modelled the overall relationship via stimulation frequencies. A similar approach was taken for all other block interactions.
Additionally, we were not able to always find the same type of data for the two species. For instance, the relationship between changes in MAP and baroreceptors firing was modelled in rats using experiments where pressure was varied in an ex vivo preparation of the aortic arch to stimulate the baroreceptors. For the dog species, data from experiments where carotid sinus baroreceptors (Coleridge et al., 1987) or aortic arch baroreceptors (Coleridge et al., 1981) were stimulated in vivo were used. In some cases, some of the interactions between components could not be isolated and therefore a few pathways had to be modelled concomitantly (e.g., for HR and contractility effects on SV). Overall, we believe however that the results presented here capture hemodynamics regulation in dogs and rats to an appropriate level of complexity. The two models reflect up-to-date data and knowledge and were designed with a moderate level of granularity. Improvements can be done on a need basis by further elaborating on some of the pathways (while ensuring the overall model behaviour remains consistent with known results).
An additional hemodynamic measure that was not included in the model since it is not routinely measured in preclinical telemetry studies is heart rate variability. Heart rate variability is the fluctuation in the time intervals between adjacent heartbeats (Shaffer and Ginsberg, 2017). It is a metric that can be used to assess autonomic activity (Ghezzi et al., 2024; von Borell et al., 2007; Stauss, 2003), particularly control of heart rate (Švorc et al., 2023; Mangin et al., 1998; Ketabchi et al., 2024; Zajączkowski et al., 2018). Heart rate variability, however, differs significantly across studies and reference values for rats are not available (Švorc et al., 2023). For more discussion on the relevance of heart rate variability please see the Supplementary Material Section “Heart Rate Variability.” While modelling heart variability has not been done here, it could however constitute an important future step.
Other model extensions could include the effects of anaesthesia (which can have various effects on hemodynamics), or the effects of acute or chronic pain, metabolic diseases (for example diabetes or Cushing’s), stress, neoplasms, sepsis and kidney dysfunctions. These were not included since focus was on preclinical healthy animal telemetry studies routinely used in drug development. Nonetheless, we believe that the modelling approaches presented here would be amenable to investigating such situations and could provide an important advancement in the understanding of how different patients may respond to novel medicines.
Modelling all relationships for both rat and dog species in our network diagram resulted in two virtual animal models. Once assembled, these models were used to simulate daily changes and several pharmacological or nerve stimulation interventions, demonstrating that the assembled model predictions agree with quantitative and qualitative observations reported in these settings. While most predictions well aligned with reported outcomes, some discrepancies were noted which should be considered within the context of differences in terms of animals, labs and experimental protocols used in these reference experiments (especially potential effects of anaesthetics, known to have hemodynamic effects). A number of approaches could be taken in the future to address this, such as the inclusion of additional datasets to better assess the needs for further modelling.
We also explored the effects of modulating the likely sites of action in our model for our list of 50 secondary pharmacology targets. In all cases simulations predicted the right direction in terms of changes for MAP, HR and contractility (dPdt). In most of these cases the model was able to induce substantial changes, while in other cases only minor changes were predicted as is. However, this is unlikely to be problematic for two reasons. First, most of the benchmarks were qualitative, and therefore while the directionality of the changes was reported, the true extent of these changes remained unknown. Secondly, the fact that the model can predict the right direction in changes but possibly not in magnitude is something that can likely be addressed via global model calibration using appropriate reference pharmacological datasets. This is indeed the approach that could be taken in order to derive a Quantitative Systems Toxicology (QST) platform based on this work that would support drug discovery and development. This platform could then be deployed as a user-friendly tool (for example an R Shiny or MATLAB Compiled application).
We have focussed on rats and dogs as two of the most common preclinical species for in vivo drug development studies. Understanding root causes of hemodynamic changes in these two pre-clinical species increase confidence in predicting translation to human. An obvious expansion could involve a human model which can be used for translation purposes once mechanisms are elucidated in pre-clinical species.
One of the main aims for the use of this mechanistic model is to enable better combined interpretation of pre-clinical secondary pharmacology and in vivo data, ultimately improving the establishment of toxicity hypotheses and translation risk. The incorporation of multiple targets and molecular pathways increase the chances of detecting the mechanisms related to observed in vivo changes, while it could also explain interaction between target effects. Indeed, some effects might not be individually significant but might, together, cause complex changes in hemodynamics. Such an approach would complement the use of more phenomenological models such as Snelder for rat (Snelder et al., 2014; Snelder et al., 2013) or Fu for dog (Fu et al., 2022), particularly when elucidating underlying mechanisms and translation.
CONCLUSION
In this publication we have reviewed the literature and developed mechanistic mathematical models of hemodynamics regulation in rat and dog species. The models integrate many regulatory pathways and their interactions giving rise to hemodynamics changes. They have similar structure but different parametrization (one set per species) and can incorporate the site of actions of at least 50 known secondary pharmacology targets. It was demonstrated that the model can reproduce various interventions in intact animals in a series of in silico experiments. A number of additional steps could be taken in the future including global model calibration using large datasets and the development of a human version which could also include disease characteristics.
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1 MAP to Baroreceptor

2 Baroreceptor to Sympathetic

3 Baroreceptor to Parasympathetic

4 Dopamine to Sympathetic

5 Dopamine to PRA

6 PRA to SV

7,12 Parasympathetic, Sympathetic to HR

823 Sympathetic, MAP to PRA

9 Sympathetic to LTCC

10 Sympathetic to TPR
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13 PRA to TPR

14 Parasympathetic to TPR

15 NO to TPR

16 Endothelin to TPR

17 PRA to HR

18,19 Contractility, HR to SV

24 Dopamine to TPR

Rat data source

Ex vivo preparation of aorta pressure varied (Andresen and
Yang, 1989)

In vivo phenylephrine for vasoconstriction to increase
pressure. Interaction 1 used to estimate baroreceptor at
pressures measured (Miki et al., 2003)

In vivo constriction of aorta to increase pressure. Interaction
1 used to estimate baroreceptor at pressures measured
(Rentero et al, 2002)

In vivo inhibition of dopamine synthesis, dopamine and
norepinephrine measured in sympathetic stellate ganglia.
Norepinephrine then related to sympathetic frequency from
another study (Brokaw and Hansen, 1987; Lambert et al,,
2002)

N/A

In vivo angiotensin 11 infusion effect on fluid homeostasis
extracellular and blood, blood volume on stroke volume
(Miller et al,, 1995; Fitzsimmons and Simons, 1969;
Fernandez et al., 1965; Migita et al, 1997)

In vivo intravenous injections of phenylephrine and
nitroprusside to vary pressure. Previous calibrations for
baroreceptor, sympathetic and parasympathetic frequencies
were used to get frequencies from pressure (Head and
McCarty, 1987)

In vivo response of intact or sympathectomised rats PRA to
alterations in MAP (Bertolino et al., 1994)

In vitro response of calcium flux to norepinephrine (Christ
et al,, 2009) and in vivo increase in contractility by
sympathetic stimulation or norepinephrine infusion (Onuki
etal, 1999)

In vivo regional vascular resistances in response to
sympathetic stimulation (Berecek et al,, 1987)

In vitro response of calcium flux to norepinephrine (Christ
etal,, 2009) and in vivo increase in contractility by
sympathetic stimulation or norepinephrine infusion (Onuki
etal, 1999)

In vivo effect of angiotensin on vascular resistance and
relationship of angiotensin to PRA (Stegbauer et al., 2003;
Miller et al., 1995)

In vivo mesenteric resistance in response to baroreceptor
stimulation with sympathetic nerves suppressed (Salgado
etal, 2007)

Invitro L-NAME release of nitric oxide and vasodilation (Liu
etal, 2019)

In vivo cerebrovascular vasoconstriction in response to
endothelin (Durgan et al., 2015)

In vivo beta adrenoceptor stimulation by isoprenaline caused
increased PRA, HR, and MAP (Blanc et al,, 2000). Autonomic
effects were estimated using other interaction calibrations and
subtracted from the data

In vivo effect of water immersion or dobutamine on heart
rate, stroke volume, and contractility (Gaustad et al.,, 2020;
Buttrick et al., 1988)

In vivo infusion of dopamine effect on vasoconstriction
(Drieman et al,, 1994) and ex vivo bathing of kidney in
dopamine causing vasoconstriction (Augustin et al., 1977)

Dog data source

In vivo infusion of inactive fluids to raise pressure (Coleridge
et al,, 1987; Coleridge et al,, 1981)

In vivo phenylephrine for vasoconstriction to increase
pressure. Interaction 1 used to estimate baroreceptor at
pressures measured (Minisi et al., 1989)

In vivo vasoconstrictors phenylephrine and angiotensin I1 to
increase pressure. Interaction 1 used to estimate baroreceptor
at pressures measured (Lumbers et al., 1979)

In vivo effects of dopamine infusion on left ventricular
contractility used to infer effect on sympathetic frequency
(Lundberg et al., 2005)

In vivo PRA after infusion of dopamine (Mizoguchi et al,
1983)

In vivo renal artery stenosis effects on PRA and stroke
volume (Anderson et al., 2007)

In vivo disruption of autonomic feedback and stimulation of
sympathetic or parasympathetic nerves (Levy and Blattberg,
1976; Mace and Levy, 1983). Infusion of vasoactive intestinal
polypeptide to alter parasympathetic frequency (Roossien
etal, 1997)

In vivo response of PRA to constriction of the renal artery
(Kirchheim et al,, 1989). Response of PRA to alpha-
adrenoceptor vasocsonstriction (Ehmke et al., 1989)

In vivo response of sympathetic frequency, calcium flux, and
contractility to sympathetic activator isoproterenol
(Szentandrissy et al,, 2012; Furnival et al., 1971)

In vivo constriction of femoral artery in response to
sympathetic stimulation (Gerova and Gero, 1969)

In vivo response of sympathetic frequency, calcium flux, and
contractility to sympathetic activator isoproterenol
(Szentandrissy et al,, 2012; Furnival et al, 1971)

In vivo angiotensin effect on mesenteric vascular resistance
and relationship between angiotensin and PRA (Britton
et al., 1980; Kitagawa et al., 2000)

In vivo gastric vasodilation in response to vagal stimulation
(Ito et al, 1988)

In vivo nitric oxide mediated coronary vasoconstriction
(Canty and Schwartz, 1994; Neishi et al., 2005)

In vivo coronary vasoconstriction in response to endothelin
(Clozel and Clozel, 1989)

In vivo effects of angiotensin, sodium intake, beta blockade,
renal denervation, or carotid occlusion on PRA and HR
(Fitzgerald et al,, 1997; Anderson et al., 1986; Gross et al.,
1981)

In vivo response of HR, SV, and contractiliy to infusion of
dopamine, norepinephrine, or beta blockers (Lundberget al.,
2005; Liang and Hood, 1974)

In vivo dopamine infusion effects on vascular resistance
(Black and Rolett, 1966)
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Block

Variable

Baroreceptors Firing rate of baroreceptor afferent nerves n Hz
Dopamine Concentration of dopamine D M
Kidney renin-angiotensin-aldosterone pathway Plasma renin activity measured as the rate of synthesis of PRA ng Angl/mLI min
angiotensin I per unit volume
Sympathetic nerves Firing rate of sympathetic efferent nerves n Hz
Long-type calcium channels Peak amplitude of current LTcC PAIpF
Parasympathetic nerves Firing rate of parasympathetic efferent nerves np Hz
Nitric oxide Concentration of nitric oxide in the plasma NO M
Endothelin Concentration of endothelin in the plasma E
Stroke volume Difference in diastolic and systolic volumes of the left ventricle v mL
Contractility Maximum rate of increase of left ventricular pressure dpdt mmHgls
Heart rate Number of heart beats per minute HR bpm
Total peripheral resistance Pressure difference required to generate volumetric flow rate TPR mmHg min L
Mean arterial pressure ‘Time-averaged blood pressure MAP mmHg
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